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ABSTRACT 


A systematic study has been carried out of the properties 
of bias-modulated IMPATT oscillators. In theory, this form of 
Amplitude Shift Keying exhibits an error performance comparable 
to, or better than, most other modulation schemes. 

During the course of this research, the thermal properties 
of avalanche diodes have been studied. The effects of the bias 
and RF circuits of bias-modulated oscillators on system performance 
have been evaluated. RF spectra and injection properties of pulsed 
IMPATT oscillators have also been investigated. 

It has been found that, due to the heating and cooling of 
the diode junction occurring with each pulse, there is substantial 
evidence of frequency pushing in the output spectrum of bias- 
modulated oscillators. As a result of this undesired FM component, 
nonsymmetrical broadening of the RF spectra of pulsed oscillators 
results. Due also to frequency pushing, the use of injection to 
lock the frequency of the pulsed oscillator is somewhat limited. 
It has also been found, from an analysis of the RF circuit, that 
maximizing the loaded Q of the oscillator circuit maximizes the 


attainable pit race. 
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CHAPTER I 


INTRODUCTION 


1-1 Digital Modulation Techniques 


There are three fundamental methods of modulating a Pulse Code 
Modulated (PCM) baseband signal onto a radio frequency carrier!. These 
are: Phase Shift Keying (PSK), Frequency Shift Keying (FSK), and 
Amplitude Shift Keying (ASK). These methods are not mutually exclusive 
as various combinations are possible; for example, Bell Labs are 
presently evaluating a combination of ASK and PSK for improved system 


performance’. PSK, FSK and ASK are now discussed in turn. 


1-1-1 Phase Shift Keying 


In PSK, the phase of the carrier is switched between various 
discrete, equispaced values. For binary PSK, the angles are normally 
chosen 180° apart; for ternary PSK, the phase angles are normally 
chosen 120° apart; in general, the modulated wave may thus be repre- 
sented as 


x(t) = A cos(2nft + 05) (2515 


where: A is the carrier amplitude 
f is the carrier frequency 
cr is K x 360/n 


n is the number of discrete phases 
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K ds the integer from 1 to n. 


As far as noise performance is concerned, PSK requires at least 3 dB 
less power than FSK or ASK,for the same probability of error’. For 
PSK, the required transmitter bandwidth is approximately twice the 
pulse repetition frequency of the baseband signal. 

Since this elementary form of PSK requires an absolute phase 
reference (and hence will not tolerate phase fluctuations in the 
transmission channel), a slightly different type of PSK called 
Differential Phase Shift Keying is normally used in practice. This 
system maintains a phase reference only between successive symbols 
(as opposed to a phase reference between a particular symbol and the 
start of transmission) and so it is relatively insensitive to phase 
fluctuations in the channel. Relative to conventional PSK, DPSK 
requires about 1 dB more power for the same probability of error. 
For either system, the transmitted bandwidth is approximately 


equal to twice the pulse repetition frequency. 


tl 2er nequency, Shift Keying 


FSK signals consist of a constant amplitude RF waveform 
having different frequencies, one frequency for each of the possible 
message signals. In general, the modulated wave may be represented 
as; 


x(t) =A cos (2mf£ 5t) Gbe2) 
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where A is the carrier amplitude 


i is the frequency for the ace symbol 


Such a system is less optimal than PSK (or DPSK) on an 
error performance basis, though it is better than ASK in this 
regard. The bandwidth requirement of FSK is twice that of either 
ASK or PSK. FSK does have one significant advantage ee the 
other modulation methods in that it exhibits a very low threshold 
of detection ( the level below which the received signal carries 
no information). This property makes FSK quite suitable for low 
signal-to-noise applications. However, because of the restricting 
bandwidth, the discussion is henceforth restricted to ASK and 


PSK systems. 


d2l-2 Anpiitude Shitt: Keying 


The simplest modulation technique is ASK; the carrier's 
amplitude is switched between two or more levels (i.e., ON and 
OFF for binary signals). In general, the modulating signal is 


given by: 


x(t) s=eAaecos (Ont t) 8) 
J 


where A, is the amplitude of the carrier corres- 
J 


ponding to the jth 


symbol. 
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The bandwidth of an ASK signal is comparable to that 
obtained with PSK (twice the pulse repetition frequency), though 
the error performance is about 3 dB lower. 

There are two possible methods of detecting an ASK signal: 
synchronous detection and envelope detection. The former technique 
consists of multiplying the incoming signal by a local oscillator 
signal (synchronized to the carrier) and passing the resuiting 
signal through a low-pass filter. The latter technique requires passing 
the signal through an envelope detector. Envelope or noncoherent 
detection, though simpler, is more susceptible to noise than 
synchronous or coherent detection. In fact, coherent ASK requires 
about 1 dB less power than noncoherent ASK for the same error 


performance. 


1-1-4 Summary 


The significant facts to be retained from the above 
discussion of digital modulation systems are the following: 

Le PSK and ASK have the same bandwidth requirements. 

2% PSK requires 3 dB less power for a given error 
performance as compared to ASK. 

Sh Implementation of a noncoherent ASK system is the 
simplest form of digital modulation and hence is 
the least expensive to realize. This will be discussed 


further in the next section. 
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4. The error performance for various binary systems 


is shown in Figure 1.1°. 


1-2 Digital Modulation at Microwave Frequencies Utilizing Solid 


State Devices 


1-2-1 PSK: Path Length Modulation 


Because of its overall performance, PSK has received 
relatively the most attention, compared to the other digital 
modulation systems. The required phase shift is commonly achieved 
by direct switching of a low-loss diode connected between a short- 
circuited . transmission line and a circulator (Fig. 1.2). 

In 1967, Nakamura and Inoue’ investigated the relationship 
between diode charcteristics and modulation loss, generation 
of AM components and power limitations. They in fact designed a 
4-phase modulator at 2 GHz with a 7.7 Mbit modulating signal. 


Previously, in 1964, Hines° 


published his theoretical work on 

the limitations in phase shifting using semiconductor diodes. He 
considered at some length the impedance characteristics, switching 
times and power limitations of semiconductor diodes. He also 


developed a model for a diode in its ON and OFF states. 


et al.° at Bell Labs have 


- 


More recently, in 1971, Kurokawa 


developed a Path Length Modulator operating at 50 to 60 GHz with a 
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baseband signal of 300 Mbits per second. They used a 100 mW IMPATT 
diode oscillator and a specially designed PIN diode switch. A PIN 
diode was chosen, in preference to Schottky barrier or p-n junction 
diodes, because the impedance level of the switching circuit can be 
made quite high and because the switching characteristic is relatively 
independent of bias voltage. A special circulator was also designed 
to handlesthes broadband)signals.sIneaddition,»sa.drive,circuit had 

to be designed to switch the PIN diode between its ON and OFF states 
in minimum time. It is thus apparent that the equipment require- 
ments for Path Length Modulators ( and PSK systems in general) 

are very stringent. In some cases ( e.g. private data communication 
systems), the above-mentioned hardware requirements could be 


prohibitively costly in comparison with other alternatives. 
1-2-2 ASK: PIN Modulator 


A PIN Modulator is a high speed, current-controlled 
absorption type attenuator. Commercially available PIN Modulators’ 
consist of a low-pass filter in the bias port, two high-pass 
filters in the two RF ports and a given number of PIN diodes. 
Operation of this device is based on the fact that, above a 
certain frequency (dependent on the minority carrier lifetime and 
on the thickness of the intrinsic region), the PIN diode ceases 


to rectify the signal any longer; this effect is due to the stored 


charge in the "I" layer.If the amount of stored charge is increased (by 
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increasing the forward bias current), the equivalent resistance of 
the diode is decreased. In the pulse mode, the attenuation is 
switched between its maximum and minimum values. A general con- 
figuration is shown in Figure 1.3. 

Such a system (as does the Path Length Modulator discussed 
in the previous section) permits the separate optimization of the 
modulator and of the oscillator. A high Q oscillator can be used 
for low noise operation and for short-term frequency stability. 

As was pointed out in Section 1.1, an ASK modulator suffers 
a 3 dB power disadvantage compared to a PSK modulator at the same 
power level. For solid state sources, there is an upper limit on 
the output power dictated by the maximum diode temperature. There- 
fore, by running the oscillator at twice the rated power for an 
average of half the time at pulse rates in excess of the thermal 
time constant, this disadvantage can be largely overcome. This 


possibility is discussed in the next section. 


1-2-3 ASK: Bias-Modulated Oscillator 


A bias-modulated oscillator combines the modulation and 
oscillator functions into a single unit. It is an oscillator with 
a PCM source in the bias circuit so that it pulses ON and OFF in 
accordance with the modulating signal. Such an oscillator is, on 
the average, ON only 50% of the time and therefore dissipates half 


as much heat as under continuous operation. Therefore, it can be 
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run at twice the cw power level,thus cancelling the 3 dB advantage 

of PSK systems. It is also recalled that the bandwidth requirements 
are identical for the two systems. In addition, the hardware required 
for a Bias-Modulated Oscillator is minimal as compared to that for a 
Path Length Modulator, or even for a PIN Modulator, since only an 
oscillator and bias circuit are required. (cf. Fig. 1.4) 

The performance of a Bias-Modulated Oscillator is substantially 
similar to that of a Path Length Modulator in regard to probability 
of error and transmitted bandwidth. There are also significant cost 
advantages in using Bias-Modulated Oscillators, a fact which makes 
them suitable for private data links (e.g. intercity computer-to- 
computer links where cost of laying cables might be prohibitively 


high.) 


1-3 Synopsis 


This thesis discusses the feasibility of a Bias-Modulated 
Oscillator as a practical means of Amplitude Shift Keying a binary 
PCM signal. Emphasis is always placed on the most important system 
parameters (power,error rate and bandwidth) as these are the deter- 
mining factors whether any modulation system is useful. The 
experimental circuit is first discussed (Chapter II), recognizing 
that there are three distinct circuits involved: the RF, bias and 


triggering circuits. 
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As the temperature of the diode junction increases, the 
breakdown voltage increases,resulting in a decrease of the diode 
current. Since the diode is pulse operated, the instantaneous 
junction temperature varies with time, which results in an 
undesirable change in the diode current. The effects of the 
junction thermal properties on the performance of the Bias~Modulated 
Oscillator are discussed in Chapter III. 

Next, a theoretical study is presented (Chapter IV) dealing 
with the tradeoff between the build-up and decay times of the 
oscillator and the loaded Q cf the circuit. The optimum Q is 
determined ( a high 0 results in a large decay time and a low Q 
results in a large build-up time) and consequently a maximum usable 
bit rate is determined. 

Since the ebectronic susceptance is a function of the diode 
current, whenever the current changes, the frequency changes. As a 
result, the RF and the baseband spectra are no longer the same, which 
would be the case if the carrier frequency remained constant. In 
Chapter V, experimental results are presented and discussed and a 
computer program is developed to calculate the spectra of varying- 
frequency pulses. The effects of injecting a cw signal into a pulsed 
IMPATT oscillator are then discussed (Chapter VI). 

Finally, Chapter VII concludes the study with a discussion 


of the results and of possible future avenues of research. 
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CHAPTER II 


THE EXPERIMENTAL CIRCUIT 


2-1 Preliminary Remarks 


The work reported on the following pages has been carried 
out on IMPATT (IMPact ionization and Avalanche Transit Time) diodes, 
oscillating in the 4 to 6 GHz range. (Haddad's recently published 
book® discusses the characteristics of IMPATT diodes with many recent 
references.) IMPATT diodes were chosen because of their favourable 
characteristics ( the only solid state sources with 1 Watt output 
power at 50 GHz) and because work was concurrently being done on the 
transient response of IMPATTs®. Though the particular diodes used 


operated over a considerably wider range (cf. Table 2.1 ), this 


ETablesZsl SPECIFICATIONS OF HP 5082-0437 IMPATT DIODE 


USED IN EXPERIMENTAL WORK !° 







frequency range 57 to 19 Giz 






typical operating voltage 110 V. 






typical operating current 25 mA. 






efficiency SSS Y/ 


output power 








thermal resistance 
package capacitance 


ackage inductance 
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particular frequency was chosen according to the availability 
of equipment. For a discussion of microwave oscillators, the 
reader is referred to a paper. by Kurokawa!?, 

The ultimate aim of the research reported here was to 
study the feasibility and limitations of bias modulating an 
IMPATT oscillator, possibly up to bit rates of 46 Mbps . This 
bit rate was chosen as it coincides with that of the Bell System 
T-3 carrier equipment!*. In the experimental work, a pulse 
generator was used instead of a more realistic PCM source. For 
abunipolar signal, asvis in fact used in “the I-—3 system, the output 
of the pulse generator with a 50% duty cycle corresponds to the 
Eoliowingeapte streane: byl tl See inethirsscase,. the pulse 
repetition rate corresponds to the bit rate of the PCM signal. 
This is not true in all cases: for a unipolar synchronous PCM 
signal (i.e. equal duration pulses with no separation between 
them), the pulse repetition rate corresponds to exactly half the 
bit rate of the PCM signal. In this case, the output of the pulse 
generator with a 50% duty cycle is equivalent to the following 


bigest ream sel Osi Ue Uwe curs 


2-2 Experimental Circuit and Model 


The circuit of Figure 2.1 was used in much of the experi- 


mental work reported here. The bias circuit will be characterized 
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by a lumped circuit using experimentally measured values for the 
lumped elements. The analysis of this circuit will furnish infor- 
mation on how quickly the circuit can respond to a fast rise-time 
voltage pulse. The triggering circuit and the RF circuit will also 


be discussed. 


2—2—1 The Resonator Circuit 


The IMPATT diode (cf. Table 2.1) was end-mounted in a 
double-slug 14 mm. coaxial cavity (Fig. 2.2). The two slugs were 
adjustable and the load impedance could be transformed to the diode 
as required. The cavity circuit can be modelled by five lossless 


transmission line sections?! ? 


in cascade, two of which represent 
the slug sections and the last three the transmission line sections. 
In addition, the discontinuities due to the slugs can be included 


u 
14 These cascaded trans- 


as appropriate discontinuity capacitances 
mission lines can be put in parallel with the diode (i.e. wafer 
and package) to obtain a complete model of the circuit. 

it should be noted that,if planes A and Be(ci.Fi¢g.<2.2) 
contacted each other, then one side of the diode would be effectively 
grounded. This configuration is suitable for cw operation or for 
pulsed operation with the pulse generator across the GROUND-NEGATIVE 


terminals of the DC power supply. This last case is not acceptable 


because the pulse generator is loaded by the capacitance of the 
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power supply negative terminal to ground, which for the HP6207B DC 
power supply is about 1500 pF. Therefore, for pulsed operation, 
planes A and B are separated by a 15 mil thick Teflon sheet and the 
pulse generator reapplied between the heat sink and ground. In 
addition, there is a capacitance between planes C and D and so 

the total capacitance for the heat sink to ground is 100 pF. (as 
measured on a #71A Boonton meter). At 5GHz, this capacitance is 
equivalent to an impedance of 1/7 ohms. The penalty for decreasing 
the RF impedance further is a prohibitively high time constant as 
seen by the pulse generator. Noting that the output impedance of 
the pulse generator is 50 ohms and without including any other 
capacitances, the time constant of the circuit is 5 nsecs. There 
is a distinct tradeoff between the value of the RF short and the 
time constant associated with the circuit. The value chosen for 
the RF blocking capacitance (heat sink to ground) is considered 


to be near optimum for the circuit used. 


2-2-2 Wye Balers (Calreeastic 


The bias circuit as seen from the pulse generator terminals 
can be modelled as shown in Figure 2.3. This circuit is analyzed 
in Appendix A and the theoretically calculated diode current is 
shown graphically in Figure 2.4 for a unit-step input voltage. It. 


is seen that the risetime is approximately 8.2 nsecs. With a 
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CAVITY BIAS TEE 





diode resistance = 1502 


= heat sink capacitance to ground = 100 pF.* 


bias tee capacitance in RF arm = 1|2 pF.* 


= bias tee inductance in DC arm = 20 nH. @50MHz** 
= DC supply input inductance = 160 nH. @50 MHz** 
= pulse generator source resistance = 502 


= load resistance = 5007 


* measured with Boonton 71A Inductance-Capacitance Meter. 
**k measured with Hewlett Packard HP8405A Vector Voltmeter. 


BIAS CIRCUIT AS SEEN FROM PULSE GENERATOR TERMINALS 
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2 nsec.-risetime applied voltage pulse, the minimum risetime for 
the current through the diode is increased to about 10 nsecs.; the 
decay time for the current is. about 10 nsecs. as well. 

The major contributing factor to the length of the rise- 
time and decay time of the diode current is the time constant of 
tne paraliel R-C circuit at the output of the pulse generator (i.e. 
Re in parallel with Ch in Figure 2.3). For a unit-step voltage 
iuput, tue risetime of this R-C’circuit is" 1079 *nsecs. This’ quantity 
can be decreased in one of three ways: 

Lig. by decreasing the value of Ch: 

2% by decreasing the value of Ro: 

3 Dy=both= 1e@ands2. 
Ch is the heat sink capacitance to ground and acts as an RF short as 
seen by the cavity” .Decreasing this capacitance below about 100 pF. 
results in an excessive amount of RF radiation losses through the 
DackeOLethencavity-=vecreasing thesvalue o©r*Re=(ive."by*turther 
loading the pulse generator) results in too low a voltage pulse 
across the diode. There is a tradeoff for high-prf pulse generators 
between short transients and high amplitudes. With these considerations, 
the near optimum values of Re and C,, are those given in Figure 2.3. 
It is stressed that these results are restricted to the circuit 
used in the experiments reported here. 


These rise- and decay times are not prohibitively long for 


high bit rate ASK systems. In the commonly considered sin’x pulse, 


* Care must be taken that the planar capacitor does not act as a 
radial-mode cavity. 
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the risetime is 30% of the total pulse length. As the RF pulse is 

of the same general shape as the current pulse, the transients place 
a lower limit on the length of the pulse at about 25 nsecs. For the 
T-3 system, this would correspond to a maximum bit rate of 20 Mbits. 
This is the maximum bit rate the experimental bias circuit can 
handle. 

It has been assumed in the above discussion that the RF 
oscillations start as soon as the pulsed current starts to flow 
and that they follow the current waveform closely. The second 
assumption is almost never true as will be seen in Chapter 4. (The 
single exception is the case where the oscillator is pulsed between 
two similar levels of oscillation.) The first assumption is also in 
general not true; however, it is valid when the diode is biased 
above the breakdown voltage (i.e. avalanching)such that any further 
increase in the bias voltage (i.e. increase in the DC current) will 
result in RF oscillations. The following discussion will explain 
Enis point. 

In order for the diode to oscillate, the magnitude of the 
electronic conductance must be equal to or greater than the circuit 
conductance. As the current increases, the magnitude of the electronic 
conductance increases until oscillations are possible. Once oscillations 
commence, the magnitude of the electronic conductance decreases as the 
RF amplitude increases until equilibrium is reached; under steady state 


conditions, the magnitudes of the electronic and circuit conductances 
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are equal. 

There are various possibilities for biasing the diode 
under pulsed operation; that is, 

1. biasing at OV DC (i.e., no DC bias voltage). 

Oe. biasing at the breakdown voltage. 

oe biasing below the oscillation threshold but above 

the breakdown voltage. 

4, biasing at the oscillation threshold. 
A tradeoff exists in high-prf pulse generators between fast rise— 
times and high pulse amplitudes; for the required risetimes (i.e., 
in the order of a couple of nsecs), only 10V pulse generators were 
found to be commercially available. In addition, biasing below the 
breakdown voltage and pulsing the diode into avalanche breakdown 
results in fluctuations at the front edge of the diode current 
pulse; this is due to the statistical nature of the avalanche 
process. These two considerations preclude biasing the diode below 
the breakdown voltage. Biasing below the oscillation threshold 
introduces some finite time delay (i.e., a fraction of the current 
risetime) before the current has reached the threshold level and 
oscillations are possible. Therefore, the optimal biasing point © 
for bias-modulation applications is at the oscillation threshold. 
This biasing point has the added advantage that the diode is al- 
ready dissipating one or two Watts; hence the temperature fluc— 


tuations under pulsed conditions are minimized. 


{< 



















giesth ails antestd wO1-agea ea ie airitaniy bediabad a 


et sale nests ts a 


i. Q . ‘ ne _ A ; Feed Wid i 
* asiiov aald 20 on. a78? ‘on 10 + Silage wok 





ae a oes SE as a 
ojaifov seabtaerd sit te petaeid ‘a 
: moe he he a Riel ia 
eyots tid bioleatt? nolb+sittaee sda woise sofeaia aA 
.s0¢¢ Low qanba ne td ada 
: an 


lodeautt aotinllisao and fe ata eo 


: ‘ whe bf ; 
pelt JaBt mvowta iareddy oeleq Aagriein Mz, tiubee yoda A A 
i terhwwen si ww) pephootions slag agin Bae 
A .- 7 o? ¥ , & ool 
‘ “ . " ‘ > + &* = 
etoyw aeeadkronse skipno VUL :« ' , \enpaa Ky Siac? a las 126i ont ut 
edi woled anteatd ,aolsipbe rf slarlibve vtiske Ak ants bd oe co teas 
a : , :€ nuh i oe gg") it Ga 
rwobkeny? Ssrnoniayva off .hobb” sti athative tai, aie oe 
4 P . ; , M 
$norTwyS ab6lb oc tO) 9so9 Pot) Soa oe enolss oy bouts ai 


‘of nevel Bus sit io ot2 rote. Lentsekd aie uid) Oo sae "gt peer sable: > 
<s x Z i , *, y= | Gh a as Dee x 
wated afetbh alt enltatd obploaug, Snares blag oe saanT sadoarg Ed 


biodteeris molichiinas. ola woldd snrastsi -sasdied sored BA eats rn 


~ 


20esI0s. SF To. settoesi n ..9sk) geleb act? er tatri ones “Aoeuiiomaned 
fre Lowel Uivitesud? sid budgest san ths rs 2c? Syotee tuiekope bs 
hy . F he oe A “ean 
Sabo gated Lainimg6 ofa parc taiedT pies i Saas 
of \ohedan. optsettiaed adi tu 2% mai 
7 none poe 
mm 


we 








22 


2-2-3 prigees Cireare 


In order to exhibit a.stable display of the RF pulse 
envelope, it is necessary to trigger the oscilloscope from the 
pulse generator. However, a coherent display of the actual RF 
oscillations is not possible because the oscillations start with 
random phase during each pulse. By injecting a low power signal, 
close in frequency to the small-signal free-running oscillator 
frequency, the oscillations will have phase coherence between 
pulses. However, some technique must be used to synchronize the 
applied pulses with the phase of the injected signal (and hence 
the phase at the start of oscillation). This is achieved by 
triggering the pulse generator by a signal which is harmonically 
related to the injected signal. Experimentally, the uncalibrated 
output from the injection source was fed into a trigger countdown 


unit, the output of which triggers the pulser (Fig. 2.1). 


2-3 Summary 


The experimental RF, bias and trigger circuits have been 
discussed. The experiments were conducted in the 4 to 6 GHz range. 
The IMPATT diode oscillator was biased near the threshold of 
oscillation and pulsed into oscillation by a pulse generator in 


the bias circuit.The pulse repetition frequency was varied from 
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1 to 25 Mbit/sec. An analysis of the bias circuit showed that for 
a step input voltage, the resultant current pulse through the 
diode had an 8 nsec risetime. This placed a limit on the minimum 
pulse length that the bias circuit can handle. The various 
possibilities of biasing the diode were discussed. The optimum 


bias point was found to be the oscillation threshold level. 
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CHAPTER III 


EFFECTS OF TEMPERATURE ON THE OPERATION OF BIAS~ 


MODULATED IMPATT DIODE OSCILLATORS 
3-1 Introduction 


In order to understand the properties of bias-modulated 
IMPATT diode oscillators, it is important to study how the junction 
temperature affects the properties of avalanche diodes. The break- 
down voltage of an avalanche diode increases with increasing 
junction temperature. Since the instantaneous diode current is a 
very sensitive function of the difference pecan the voltage 
across the diode and the instantaneous breakdown voltage, increasing 
the junction temperature (e.g. by increasing the bias pulse length) 
increases the breakdown voltage, which reduces the instantaneous 
bias current. Consequently, the output power,as well as the oscillation 
frequency, changes. When dealing with the junction temperature, two 
auxiliary parameters, i.e. a junction thermal resistance and, in the 
simplest case, a single junction thermal time constant, are used. 
In cw operation, the junction thermal resistance is the most important 
thermal parameter; in pulsed operation, both thermal parameters are 
equally important. These thermal parameters and their effects on 


pulsed IMPATT diode oscillators are now discussed. 
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3-2 Temperature Dependence of Diode Breakdown Voltage 


The circuit shown in Figure 3.1 was used to measure the 
variation of diode breakdown voltage (V,) with temperature. DC 
supply "A'' was put in series with the constant current supply 
because the latter had a maximum output voltage of 100 Volts 
while the diode breakdown voltage was over 110 Volts. DC supply 
"B' was included in the circuit to increase the sensitivity of 
the digital voltmeter. The IMPATT diode was mounted in a special 
holder in an oven, the temperature of which was variable from 
room temperature to 200°C. 

Initially, the reverse bias I-V characteristic of the diode 
was measured at 160°C to determine the current at which avalanche 
breakdown might be considered to occur. The measured I-V characteristic 
Psy eivengingigure 5.2. lt isseen that for a current of 801A, the 
breakdown voltage is suitably well-defined. Next, the temperature 
was changed to a lower value and the breakdown voltage (i.e. the 
voltage at which the DC current was 80yA) was measured again. The 
diode breakdown voltage was remeasured at progressively lower temper- 
atures; the results are shown graphically in Figure 3.3. From this 
graph, it is seen that the temperature coefficient of the diode 
breakdown voltage ranges from 105 to 118 mV/°C over the temperature 
range of interest. This suggests that the instantaneous junction 
temperature could be measured indirectly by measuring the instantaneous 


breakdown voltage. This technique is,in fact, used in the determination 
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of the thermal parameters of the avalanche diode as is discussed 


in Sections 3-3 and 3-4. 


3-3 Determination of the Diode Thermal Resistance 


The diode thermal resistance (Ro) may be written as!°: 


Ney tS (T; = ZT) jue °C/W (30) 


where: T, is the junction temperature 
T, is the heat sink temperature 


P is the power dissipation in the diode 


Rg is equal to the temperature rise in the diode produced by a 
power dissipation of 1 Watt. The diode thermal resistance was 


measured by biasing the diode well into avalanche breakdown (i.e. 
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the power dissipation region) and pulsing the diode with a narrow, low 


duty~-~cycle pulse back to breakdown! ®. The point of breakdown was 
determined by monitoring the current and by noting when avalanching 
has just ceased. The instantaneous diode breakdown voltage was 

then measured by means of an oscilloscope. Using this technique, 
the graph given in Figure 3.4 was obtained. From the graph, it is 
seen that,under steady-state conditions, the diode temperature is a 


linear function of the power being dissipated in the diode. From the 


slope of this line, the thermal resistance is found to be 25°C/W. 
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3-4 Thermal Time Constant Measurement 


In general, the thermal response of a diode can be described 
by means of an equivalent circuit consisting of a parallel combination 
of lumped-constant R-C circuits. As a first approximation, the model 
can be simplified to a single parallel R-C circuit. The junction 


temperature during power dissipation is then given bya 


he = ESS Gla, obs ee Sapo eae ea EP 


where: Ty, is the junction temperature at time t 
T. is the initial junction temperature 
P, is the power dissipated in the diode 
Rg is the thermal resistance 
T}, is the heat sink temperature 
tT is the thermal time constant (i.e. RoC) 


C,, is the heat capacity of the semiconductor 


The thermal time constant,T, can be evaluated from the transient 
thermal response of an avalanching diode by using a double-pulse 
technique? ®. The measurement circuit is shown in Figure 3.5. Pulse 
generator "A" is used to pulse the diode into breakdown and thus 
the temperature of the diode increases due to the power dissipation 


in the diode. When the pulse ends, the temperature decreases and, 


as a first approximation, has a single time constant equal to T. 
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The temperature is monitored by using a second pulse to measure 
the breakdown voltage in much the same way as was discussed in 
Section 3-3. It is noted that the power dissipation, Pa», is zero 
when the main pulse ends. Maximum resolution is obtained by 
apllying as short a monitoring pulse as possible (experimentally, 
a 500 nsec. pulse was used). An experimental plot of the diode 
temperature as a function of time ( time origin is taken as the 
instant the main pulse ends) is shown in Figure 3.6. From the 
graph, it is seen that the temperature decreases to l/e of its 
original value in 20 Usecs. Thus, assuming a single time constant 
as a first approximation, the theoretical exponential curve is 
also included in Figure 3.6. 

From equation 3.2, the diode junction temperature can be 
crudely approximated as a function of time for an arbitrary pulse 
repetition rate or duty cycle. The temperatures predicted by 
equation 3.2 are generally lower than the experimentally observed 
temperatures, because this equation assumes that the thermal 
behaviour of the diode can be modelled as a lumped-constant 
parallel R-C circuit ( where R is Ry and C is C,). Nevertheless, 
this model proves to be useful in understanding the thermal 


properties of pulsed IMPATT diode oscillators. 


3-5 Effects of Temperature on the Operation of Bias-Modulated 


IMPATT Oscillators 
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3-5-1 Choice of Bias Point 


If the temperature of the diode remains constant, then 
the bias voltage can be chosen to be simply at the threshold of 
oscillation. In this case, the actual sequence of modulating 
pulses would not affect the operation of the modulator.However, 
due to the continuous increase and decrease of diode temperature, 
the breakdown voltage (see section 3-2) (and hence the bias 
current) is continually changing. This point is illustrated 
in Figure 3.7, where the I-V characteristic of the diode under 
reverse bias at various temperatures is shown. A hypothetical 
load line is also included. As the temperature increases, the 
breakdown voltage increases and the bias current decreases. 
Hence, for a 50% duty cycle square wave, the bias voltage is 
chosen to be at the oscillation threshold, where the ON pulse 
is applied. After the ON has terminated, the temperature is 
at its maximum value and the bias current is well below the 
threshold of oscillation. As the diode cools, the bias current 
increases until it reaches the threshold level at the instant 
the next ON pulse is applied. A plot of the voltage, current 
and temperature as a function of time is shown in Figure 3.8a. 
It is assumed that the pulse sequence has been on for some 
time so that the temperature oscillates around some "equilibrium" 


temperature. 
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For a realistic pulse train, biasing becomes a serious 
problem. The reason for this is that the manner in which the 
temperature varies depends on which sequence of pulses is being 
transmitted. An illustration is given in Figure 3.8.b. Under 
these conditions, no "equilibrium" temperature exists.The major 
constraint in choosing the "optimal" bias point is that the 
bias current must never exceed the threshold value during an 

OFF pulse. In practice, the bias voltage should be chosen 
well below the bias level required for an ON, OFF, ON, OFF... 


pulse train. 


3-5-2 Effect of Temperature on System Performance 


The change of breakdown voltage with temperature also 
affects frequency and power output of the oscillator. As has 
been explained, the current decreases during the ON pulse 
due to heating of the diode. This decrease in current results 
in an undesired AM noise component in the output power (i.e. 
the RF power is changing). This is of minor consequence for 
high bit rates,since this power change is generally only in 
the order of a few percent of the total power. The amount of 
undesired AM increases as the length of the pulse increases 
and hence is only a serious problem for lower bit rates (i.e. 


less than about 500 KHz). 
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A much more important effect is the change in frequency 
when the bias current changes during heating and cooling of the 
diode. This change is due to the current dependence of electronic 
susceptance of the diode. In fact,during a 100 nsec pulse, a 
14 MHz change in the carrier frequency has been observed (cf. 
Chapter 5). This is a substantial portion of the bandwidth of 
the signal and results in a significant spreading of the RF 
Spectrum (and a subsequent loss of power from the main RF lobe). 
In addition, for a realistic pulse sequence, the average carrier 
frequency of any given pulse also depends on the temperature 
at the beginning of the pulse. These important points are discussed at 


ereateray Leng thain Chapter, 5. 


3-6 Summary 


The effect of temperature on the properties of IMPATT 
diodes has been discussed in order to gain insight into how the di- 
ode temperature affects the dynamic characteristics of IMPATTs. 
The temperature dependence of diode breakdown voltage has been 
measured. The thermal resistance has been found to be 25° C/w. 
An expression for junction temperature during power dissipation 
has been given, under the assumption that the thermal response 
of the diode can be approximated by the response of a lumped- 
Constant parallel K=U eixrcuit, This is true only as a. first 
approximation; for greater accuracy, a cascade of R-C circuits 


must be considered. 
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The choice of bias point was discussed for the bias 
modulator.It was seen that the "optimal" bias point should be 
chosen so that the bias current must never exceed the threshold 
value during an OFF pulse. Problems arise because the bias 
current is a function of the temperature (through the temperature 
dependence of the diode breakdown voltage). 

Undesired AM and FM were shown to be the two major effects 
of the junction temperature on the System performance of the 
bias-modulated IMPATT oscillator. Heating of the diode causes 
the bias current to decrease. This decrease results in a proportional 
decrease in RF power. This change in the power is negligible for 
short pulses, though it may be excessive when longer pulses are 
used. Due to the current dependence of the diode electronic 
susceptance, the frequency of oscillation changes appreciably 
for a small change in temperature. This latter point is discussed 


in Chapter 5. 
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CHAPTER IV 


Q-FACTOR DEPENDENCE OF BUILD-UP AND DECAY TRANSIENTS 


4-1 Introduction 


The transient response of an IMPATT diode oscillator is 
described by means of an equivalent R-L-C circuit. The differential 
equation describing this circuit is analyzed. The bias current 
and RF voltage dependence of the electronic conductance is 
assumed such that a satisfactory correlation exists between the 
theoretical and experimental results. Thus, the build-up and 
decay transients of the RF oscillations have been calculated for 
various values of loaded Q. In this way, it is found that the 
maximum bit rate can be obtained by maximizing the loaded Q of 
Bheseirecul te. 

The various constants in the analysis have been measured 
for the experimental RF circuit. The bias circuit has not been 


included to keep the discussion as general as possible. 


4-2 Transient Analysis 


The transient response of an avalanche diode oscillator 
can be modelled by means of an equivalent R-L-C circuit (Fig. 4.1) 
The variable active part of the diode is modelled by a bias-current 


and RF-voltage dependent electronic conductance, G[A(t),1(t)]. 
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FIG. 4.1 ASSUMED EQUIVALENT R-L-C CIRCUIT FOR TRANSIENT ANALYSIS OF 
IMPATT DIODE OSCILLATOR 


The electronic susceptance is assumed to be constant for this 
transient analysis and is lumped into "C" in Figure 4.1; the 
passive part of the diode conductance is lumped in with the 
other losses of the Ciretit (i.e. G). The following equation 
results from applying Kirchoff's Current Law to the circuit 


shown in Figure 4.1: 


Wet GH CRA,1) + Sv. dt + C av =)0 (4.1) 
ih dt 


Differentiating equation 4.1, a second order differential equation 


is obtained: 


cda’v+{¢+¢ (A,D)} dv+ {1+ 0G, dA+ 2G aL} V=0 (4.2) 
mee S dt PRtoOvedt Sor tat 


The solution of equation 4.2 is assumed to be expressed in - 


the functional form: 


V(t) = A(t) sin 6(t) (4.3) 
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and hence: 


dv “(4 sin® + A (d@\ cose (4.4) 
dt \dt dt 
and 
d-V= = sind + 2 sats cos + 4S cosd - A do*siné (4.5) 
dtamldte dt\dt dua dt 


Substituting equations 4.3, 4.4 and 4.5 into equation 4.2 and 
grouping the cosine and sine terms together, the following 


equation results: 





D(t) cos® + F(t) sind? = 0 (4.6) 
where 
D(t) =A d*® + 2 dA db +A dd G + G(A,1) (4.7) 
ate ale le dt C 
F(t) = d?A - A do? + dAG + G.(A,I) +A {1 +1 0G. dA + 
aye dt dt C Ge Cao svedt 

1 8G, aI } (4.8) 
Geoledt 


If equation 4.6 is to hold for all time, then the time-varying 
coefficients of the cosine and sine terms (i.e. D(t) and F(t) 
respectively) must be both identically rare to zero .The first 
of these two equations may be written as follows: 


+ + + d*6 S16 4.9 
2edAs AEG heGa( A.) a / } (4.9) 


dt C 


* It is assumed that D(t) and F(t) vary much slower than ®(t). 
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It has been seen that equation 4.6 can be separated into two 
coupled second order differential equations. Under certain 
conditions, equation 4.9 can be solved independently to yield 
the envelope of the RF oscillations at any instant of time. 
Since dé/dt is equal to the instantaneous frequency of the RF 


oscillations, during the transient state, therefore, 


<< ; 


226 / a8 
=| : 





ee ON 4 





except in the case when the magnitude of the electronic conductance 
approaches the value of the passive conductance in the circuit. 
This latter case generally only occurs near equilibriun. Therefore, 


using the above approximation, equation 4.9 can be simplified as 


follows: 
ae) ClPiGe (A, 1) A (4.10) 
dt 2C 
=Q(A,1I) A 
where a(A,I) is the growth factor 


Equation 4.10 should describe satisfactorily the build-up and 
decay transients of the RF voltage, assuming that Gea\Asl) ois 
chosen properly. For a complete solution of the amplitude and 


phase at any time, the original differential equation (4.2) 
















In 
awd atq) haere ad. ret? 6.4 metoeeps fal 
ofar yas fot ‘apebtaone LabtaiePat 7$h45 herwiow 
biety of ¢itwshaoy ‘Hot bytes fame 0.0 oie swuoticiiea 
wia Jo deere: vet fe enoleeE doen’ Fe aa ae nntonaaae 
i? ai) 0 *agoopet) AlaQnnaneatah Ge! oF, eee é) thea ii - 
rerered) .atete tXehingaw air anv not 
£ : = 
(3 bh tO! j Ahi gf 
“4 P 1 inate 
ies ivextionls r io shu liastqe lt getty: sen eco at gaseous 
i vid al eotthe telnen avbeseq and, io sete eds Bea 
‘ —— 
“ls ae ya vt H¥4usa Swap yeiinl akat 7 
ri ' 4 ' J = LT ie Tos owl tao Dea ove tht eid galav 
. - 
2 ewollo® : 
\ 
4A * NP) di} — 
> 1) - 
A { Ly La 
© 7 : 
(6) vet 7 


1H399n% Aywore eats ot ti bay) 





ery 
aad tae initane Nicaea etna aintee *- 


. 


ats coe D4 ; ie 


42 
must be solved. 
Kramer’? has suggested that the RF voltage dependence 
of the electronic conductance, G,(V), may be approximated by a 
Symmetrical nonlinear function of V; that is, 


Ca). =sG.c-(1) teaus (Aa) 


ess 


where Gesg(1) is the small-signal electronic 


conductance ( function of bias current) 


In order) to evaluate the constant "a'', it is noted that when the 


RF voltage has reached its steady-state value in a given oscillator 


OSCR OY ae (4.12) 
and 
eect 10g Ge 16 C43) 
Vinax 
where Gosm = maximum small-signal electronic 
conductance 
Vnax = maximum RF voltage 


Normalizing the maximum RF voltage to unity and assuming that the 
voltage dependence of the electronic conductance is given by 


equation 4.11, equation 4.10 may be written as follows: 


ce 
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dt 2C 
where the initial condition is that the voltage at the time 
origin is equal to the preoscillation noise level, normalized 
to the maximum RF voltage. From the measurements recorded in 
Chapter 6, it was found that the noise power was equal to -35 dBm; 
the peak output power of the pulsed oscillator was 15 dBm. Thus, 
the normalized noise voltage was taken to be 0.003. 

Scharfetter and Gummel?® have done a large-signal analysis 
of a Read diode oscillator. Figure 4 of their paper demonstrated 
the calculated RF voltage dependence of the electronic conductance; 
their results are repeated here in Figure 4.2. For lower amplitudes, 
a strong linear dependence of conductance and RF amplitude is 
evident. Therefore, a second expression for the electronic 
conductance as a function of V can be assumed as follows: 

Gee Caen) Ete DV (4915) 

Once again, equation 4.12 is used to evaluate the constant, ba. 


and it is found to be of the same form as equations to. 


Vmax 


Normalizing the maximum RF voltage to unity and assuming equation 
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CONDUCTANCE (MHOS PER SQ. CM.) 
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RF VOLTAGE AMPLITUDE 


FIG. 4.2 DIODE NEGATIVE CONDUCTANCE AS A FUNCTION OF RF VOLTAGE 
AMPLITUDE FOR VARIOUS FIXED FREQUENCIES. CURRENT 
DENSITY :/200 A/CM2.77 
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CHARACTERISTIC 


> average frequency of oscillation 51 o5.GHz 
p; applied pulse voltage 520 V 
pe peak bias diode current 60 mA 
tr: risetime of current pulse 10 nsec 
tdsmdecay tilme, ote current pulse 10 nsec 
Tp: pulse length 100 nsec 
: pulse period 2 Hsec 
v5: preoscillation noise voltage 0.003 V 
Ol setloadedeO Oficircult 5 a), 
: peak RF power 70 mW 


Cw lOtalecapacitancesofe RF circuit 
total passive conductance 


TABLE 4.1 EXPERIMENTALLY MEASURED CHARACTERISTICS OF PULSE, BIAS= 
MODULATED IMPATT DIODE OSCILLATOR 
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4.15 applies, equation 4.10 may be written as follows: 


a = = eGR lV) et Cloe(1)e Cav} (4.16) 
Once again, the initial condition is that the voltage at the 
time origin is equal to the normalized preoscillation noise 
voltage, 

The RF voltage dependence of the electronic conductance, 
as given by either equations 4.11 or 4.15, is illustrated in 
Figure 4,3 for the build-up transient. Assuming a linear bias- 
current dependence, the diode small-signal conductance has also 
been included. Figure 4.4 illustrates the small- and large-signal 
conductances during the decay transient. 

The object of the following analysis is to determine 
the build-up and decay times of the RF oscillations as a function 
of the loaded Q of the circuit: Q, . First, it is determined 
which RF voltage dependence of the electronic conductance Cicer 
equations 4.11 or 4.15 or a combination of both) best describes 
the experimentally measured build-up of RF oscillations. Next, 

a step function of the current is assumed and the build-up and 
decay times of the RF voltage are calculated. Finally, an optimal 
Qh for the experimental RF circuit is determined and the maximum 
pulse repetition frequency is calculated. 


Risetimes are conventionally defined as the time required 
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for the RF power to increase from 10% to 90% of its maximum 
value; a similar definition applies for the decay transient. 
The 10% and 90% points on the power waveform correspond to 


approximately the 31% and 95% points on the voltage waveform. 


4-3 Build-Up of RF Oscillations 


An IMPATT diode was biased just below the oscillation 
threshold and bias modulated as has been discussed in Chapter 
2. The experimentally measured characteristics of the bias - 
modulated IMPATT oscillator are given in Table eae The evaluation 
of the parameters characterizing the resonator is discussed in 
Appendix B. 

The RF pulse was fed into a detector circuit and the RF 
voltage amplitude was measured as a function of time during the 
build up of oscillation (cf. Fig. 4.5). The time origin is taken 
as the instant the pulse current has passed the oscillation 
threshold level. The maximum value of the small-signal electronic 


conductance, G can be calculated by noting that,at t=14 nsec, 


esm? 
the current has already reached its maximum value, while the RF 
voltage is still very small compared to its final value. Therefore, 
for a short interval of time around t = 14 nsec, G, and therefore 


the growth factor @ are both constant. Over this short interval, 


the solution of equation 4.10 is simply an exponential. Therefore, 


* Table 4.1 is located adjacent to Figure 4.2 ( p. 44) 
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FIG, 4.5 THEORETICAL AND EXPERIMENTAL BUILD-UP OF RF VOLTAGE 





noting that the voltage increases from 0.15 to .1825 during the 
interval from t = 14 to t = 15 nsec, Gegm is calculated to be 
equal to -1.62 mmhos. Assuming that the small-signal conductance 
increases linearly with the bias current, G,,, increases linearly 
from -G to Gegm during the 10 nsec risetime of the current. Hence, 
under this assumption and using the resonator parameters as given 
in Table 4.1, equations 4.14 and 4.16 have been solved numerically; 
the solutions are shown graphically in Figure 4.5. The linear 
voltage dependence (equation 4.16) gives a better fit to the 
experimental results than does the linear power dependence 
(equation 4.14). The solution of equation 4.16 only deviates 
appreciably from the experimental curve for higher amplitudes. 
This effect corresponds to the nonlinearity appearing in the 
conductance-voltage plot shown in Figure 4.2. Therefore, it is 
assumed that a combination of equations 4.14 and 4.16 describes 
the behaviour of the electronic conductance as a function of the 


RF amplitude (cf. Big. 4.5); that is, 


Gai EE SAL e fake oe ie 00) tee Ne for V < 0.75 
dome 2c 

(4.17) 
dy = = (GG. - Vz) + GegeC9 > Gegm Vo JV for ¥ > 10.75 
Ate 


Equation 4.17 will be used in the calculation of the rise and decay 


times as a function of Q. 
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FIG. 4.6 THEORETICAL BUILD-UP OF RF VOLTAGE FOR Qy = 100, 70 AND 50 
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TABLE 4.2 VARIATION OF THE RISETIME OF THE BUILD-UP OF OSCILLATIONS 
AS A FUNCTION OF LOADED Q 







\ \ \ | 4, ai 
| , ok : . 
= . — \* sae Ta — ey — RE. 


= ee 


ee 


4 vs be 


: = Site 
: ! < 
@ \ 
om, \ ‘ = 5 

; — is Me sic ee 
| i io 7 ~z~ 

{ sid a i. ae 

fal 


o. ent Px: _ 


» by j Wi PA 


” Tle wt ef t ‘ hi » 3h) Fe _ *, > 


a 


OAT SO“ 38 FOU AMUSE JAD Rh i 





Since 


Gray tae GC. (4. 


the positive part of the resonator conductance can be calculated 
as a function of Qn: Equation 4.17 is then solved numerically, 
assuming a step in the current, and the envelope of the RF pulse 
for various values of oe is calculated. The results for or = 50, 
70 and 100 are shown graphically in Figure 4.6. For convenience, 
the calculated risetimes as a function of Q, are given in Table 
4,2. The minimum risetime attainable, using the parameters of 

the eircure used (cf. Wable 4.1), assuming a step in the current, 
Toes /msccelOceat LULiInUte, Owe nemlami bine actor 1s the burld— 


up of oscillations in the actual resonator. 


4-4 Decay of Oscillation 


Under the conditions given in Table 4.1, the envelope 
of the decay of oscillations has been obtained experimentally; 
it is shown in Figure 4.7. The solutions of equations 4.14, 
4.16 and 4.17 have also been included. It has been assumed that 
no heating occurs during the pulse; therefore, at the end of 
the decay of the current through the diode (i.¢., after 10 nsec 
for the circuit used), the avalanche diode is once again 


biased at the threshold of oscillation. As would be expected, 
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4.7 THEORETICAL AND EXPERIMENTAL DECAY OF RF VOLTAGE 
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the latter case gives the best fit to the experimental results. 
The discrepancy between the theoretical and the experimental 
curves can be accounted for by the following three factors: 

a) As was pointed out before, equation 4.10 is least 
accurate near equilibrium and hence some deviation 
at the start of decay would be expected. 

b) For high amplitudes, the slope of the experimental 
Curve is less than that om the theoretical curve, 
because the largest part of any nonlinearities in 
the current dependence of the electronic conductance 
occurs for high conductance value. This is illustrated 
in Figure 4.8 which is taken from Scharfetter's and 
Gummel's*1 small signal analysis. This is of little 
consequence to the analysis since a step in the bias 
current is assumed. 

c) For low amplitudes, the slope of the experimental 
Curve siceereater than that of the theoretical icurve, 
because heating of diode has decreased the current 
level at the end of the current pulse,resulting in 
a faster decay. 

For a step in the current, equation 4.17 is solved 

assuming, as before, no heating of the diode. The results of the 


calculation for GQ; = 50, 70 and 100 are shown in Figure 4.9. 
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FIG. 4.9 THEORETICAL DECAY OF RF VOLTAGE FOR Q, = 100, 70 AND 50 
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TABLE 4.3 VARIATION OF THE DECAY TIME OF THE DECAY OF OSCILLATIONS 
AS A FUNCTION OF LOADED Q 
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The decay time as a function of Q; is tabulated in Pable 4.3. 
The minimum decay time is 2.0 nsec, the limiting factor being 


the decay of oscillations in the cavity. 


4-5 Determination of Maximum PRF and Optimum Q 


The results of the previous two sections(Tables 4.2 
and 4.3) are presented graphically in Figure 4.10. The sum 
of the rise-and decay times is also shown as a function of Qn: 
To convert this number into a minimum pulse length, it is noted that 
for a sin*x RF envelope , the sum of the transient times 
accounts for approximately 60% of the total pulse length. Using 
this approximation, the minimum pulse length is 7.8 nsec, which 
is only attainable for an infinite Q cavity. For Bell System's 
T-3 carrier equipment, this would correspond to a maximum bit 
rate of 64.1 Mbps compared to the 46 Mbps for which that 
particular system is designed.A loaded Q of about 110 is required 
to transmit a 46 Mbit pulse stream suitable for the T-3 system. 


The minimum pulse width for the experimental-circuit loaded 
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4-6 Summary 


It has been found that, for the transient conditions 
described, the voltage dependence of the electronic conductance 
can be approximated by a linear function of V for low amplitudes 
and by a linear function of V* for high amplitudes. From the 
voltage dependence of the electronic conductance, the growth 
factor can be found as a function of the voltage. The growth 
factor is proportional to the slope of voltage at any instant. 
In solving the appropriate equations for a step in the current, 
plots of rise- and decay time as a function of Q-factor have 
been obtained. As would be expected, risetime decreases with 
increasing Qn3 however, decay time was found to decrease as well 
with increasing Qn" This latter trend illustrates the effect 
the diode has on the cavity,since the resonator on its own would 
take longer to decay as its Q increased. 

In conclusion, minimum rise- and decay times can be ob- 
tained by maximizing the loaded Q of a circuit. Maximizing the 
loaded Q of the circuit also enhances the stability of the 
oscillator. From Figure 4.6, it is seen that there is an appre- 
ciable delay before the output power has reached 10% of its 
maximum value. This delay can be decreased by increasing the Q 
OL the circuit or, as’ will be seen an/Chapter 6, by injecting 


a suitable signal into the oscillator. This delay need not affect 
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substantially the performance of the bias-modulated oscillator, 
as long as the delay is evaluated and incorporated as part of 


the total delay of the system.: 
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CHAPTER V 


FREQUENCY PUSHING IN BIAS=MODULATED OSCILLATORS 


5-1 Introduction 


The spectral distribution of the energy of the transmitted 
signal is an important consideration in a modulation scheme. In 
an ideal ASK system, the RF spectrum, centered at the carrier 
frequency, is identical in shape to the baseband spectrum of the 
modulating signal. In this case, the percentage of the power in 
the main lobe of the RF spectrum is the same as the percentage 
of the power in the main lobe of the baseband spectrum (i.e. 
the spectrum of the envelope). For an ideal ASK system, the RF 
spectrum is always symmetrical around the carrier frequency, 
regardless of the pulse shape. 

in a digitally modulated IMPAIT oscillator, the carrier 
frequency is not constant and an undesired FM component is 
present. This is due to the fact that the electronic susceptance 
is a function of the current through the diode, of the amplitude 
of RF voltage, and of the junction temperature. Hence,when the 
current changes, the frequency will also change. Under pulsed 
conditions, the shape of the current waveform is of the same 


nature as the shape of the applied voltage pulse, resulting 
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in frequency being pushed during the build-up and decay transients. 
The frequency also decreases during the main part of the pulse 

due to heating of the diode; this follows directly from the tem- 
perature dependence of breakdown voltage, as has already been 
discussed in Chapter 3. The feasibility of locking the oscillator 
frequency to an injected signal is discussed in detail in the 


next chapter. 


5-2 Measurement of Frequency Changes During the RF Pulse 


Several methods were employed to measure the instantaneous 
change of frequency of a pulsed IMPATT oscillator. Difficulties 
arose because of the small percentage change of frequency (ie. 

a change of a few tens of MHz for a carrier frequency of 6 GHz) 
to be measured. The methods tried are described below: 


a) In general, only the envelope of the RF pulse is observable 
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on a sampling oscilloscope since the oscillator commences oscillation 


at a slightly different phase during each applied pulse. By syn- 
chronizing the bias modulated signal to a microwave injected 
signal (by the use of a countdown unit), a coherent display of 
the RF oscillators during the RF pulse was obtained. An X-Y 
recorder was used to expand this display, permitting period 
measurements to be made. This method indicated an overall change 


of frequency during a 100 nsec pulse of about 50 MHz, but the 
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resolution was ace sufficiently fine to give any usable results. 
b) In this case, the output of the sampling oscilloscope 
was fed into a frequency selective voltmeter having a resolution 
of 1%. The modulated signal was triggered as before,allowing a 
coherent display to be obtained on the CRT. The output of the 
frequency selective voltmeter was fed into a peak detector and 
the center frequency was adjusted so as to result in a maximum 
reading at the detector output. The single-trigger feature of 

the scope was then used, resulting in a burst of approximately 
one hundred cycles of a varying-frequency "sine" wave. (The | 
number of cycles was determined by the time~base setting of the 
oscilloscope.)Stability and reproducibility were the greatest 
problems in this method, though the general frequency trends of 
the first method were again observed. 

c) A high-Q transmission cavity (TE}44 mode) was designed 
and built with a 3dB bandwidth of 2 MHz (the necessary resolution). 
There is a definite tradeoff between the build-up time of the 
cavity and its Q. For a given Q, as the rate of change of frequency 
with time increases the response of the cavity decreases. As a 
result, the resolution was found to be quite inadequate for the 
frequency changes and pulse lengths considered. For slower rates 
of frequency change than encountered here, this technique should 


be useful. 
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d) By detecting the sum of the injected microwave signal and 
the output of the pulsed oscillator, a varying beat frequency 

is observable during the pulse. There are two major constraints 
on the injected signal: 1. the frequency of the injected signal, 
relative to the oscillator frequency, needs to be chosen so that 
a sufficient number of cycles of the beat frequency appear 

during the pulse, for the resolution required (typically 100MHz 
from the average free-running frequency of the pulsed oscillator); 
2. the injected signal must be low in power level and still 
maintain a phase relation between the output of the oscillator 
and the injected signal. 

In this manner, the accuracy of the frequency measurement 
was increased by at least two orders of magnitude over the other 
three methods just discussed. This method has an inherent disad- 
vantage in that the instantaneous frequency cannot be measured 
under realistic locking conditions, since in this case the beat 
frequency would be very small. The main requirement for successful 
frequency measurements is that there must be a phase relation 
between the injected signal and the oscillator output. Figure 5.1 
shows a typical pulse with a varying frequency. 

One set of operating conditions was taken for illustrative 
purposes as being representative; these are summarized in Table 
5.1. For these conditions, the results of the frequency measure- 


ment are shown graphically in Figure 5.2. 
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VARYING BEAT FREQUENCY INDICATING FREQUENCY PUSHING 
IN BIAS-MODULATED IMPATT OSCILLATOR 

frequency of injected signal= 5.8509 GHz. 
injected-to-output power ratio= -14 dB. 

beat frequency varies from 3] to 13 MHz. 
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It is seen that a 14 MHz change was observed during the main 
portion of the pulse (i.e. constant power section) and a 70 MHz 
change during the decay transient. The build-up transient contri- 
butes very little FP since the current has reached its maximum 
value before any substantial power is produced. 

If the off-time is increased above 600 nsec, the behaviour 
of the frequency is substantially unchanged since the diode has 
had time to cool sufficiently between pulses. Below an off-time 
cf about 500 nsec, the average diode temperature has increased 
and there is a smaller temperature increase during the ON 
pulse. Hence the magnitude of the frequency change during the 
main part of the pulse becomes smaller than indicated by Figure 
De einer acee Orr perrod cquaim tomU0Mmecce(forea 100) nsec 
pulse), there is no detectable change of frequency during the 
Main parteorethe pulse. In this latter case, there is still 
the same frequency change (i.e. in the order of 70 MHz) during 
the decay transient. 

Figures 5.3 show the measured effect of temperature 
on the frequency of a pulse. The temperature is varied by varying 
the duty cycle of the pulse. The dashed line for a given period 
represents the range of frequencies present during the main 
part of the pulse for that period. The y-axis represents Geena 
where f is the instantaneous frequency during the pulse and 
£,. is arbitrarily set equal to the average frequency for a 50% 


duty cycle. It is seen that the change of frequency during the 
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pulse increases as the period increases (for a given pulse 
length). It is also noted that the average frequency of the 
pulsed oscillator depends quite strongly on the length of the 
OFF period. In fact, for a 100 nsec pulse, the average frequency 
varies by 50 MHz over a duty cycle range from 10 to 50%. 

The change of the average carrier frequency from pulse 
Eo. pulses(ingal wealistic disital sienal) tis a drawback) of! bias-— 
modulated ASK systems. This frequency change is illustrated’ 
in Figure 5.4. The top trace shows a realistic sequence of 
pulses without any injection; the sequence correseponds to 
0010111 for Bell's T-3 system. With injection, the last pulse 
shows no beat frequency while the other pulses show varying 
beat frequencies for various pulses. 

Hicuremoorcanmpe realistically interpreted as being 
fhe worst Case. For a practical PCM sienal, the diode temperature 
variations wouid not be as extreme as indicated by the graphs 
for the low duty-cycle case. For high duty cycles, the graphs 
indicate more closely the frequency shifts encountered experi- 


mentally for a realistic sequence of pulses. 


D=Sehl spectra of Pulsed Oscillators 


Dee Lequency Domain Description of Signals 


The purpose of the previous section was to indicate the 
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extent of frequency pushing present under pulsed conditions. 
These frequency changes, however, do not indicate the effect 
they have on the system performance of pulsed IMPATT oscillators. 
When dealing with communication systems, it is more common to 
describe signals in the frequency domain. 

Spectral analysis is the study of the frequency-domain 
description of signals; mathematically, it is based on the 
Fourier Series and on the Fourier Transform. A periodic signal 
can be expressed as a sum of those frequency components which 
are harmonically related to the fundamental frequency of that 


* that the Fourier Series for 


signal. It is possible to show? 
periodic waveforms may be extended to the Fourier Transform 


for non-periodic waveforms. The Fourier Transform of a signal, 


=Cl), iseeivenuby: 
AG) af Sy eae (5.1) 


Because the Fourier Transform is an extension of the 
Fourier Series, the envelope of the spectrum of a signal which 
recurs periodically is identical to the envelope of that signal 
which occurs only once. For this reason, and rather than con- 
straining the discussion to a paLticularsperiodicity, only Fourier 
Transforms of signals will be considered in the rest of this thesis. 


The energy density in the frequency domain is equal to the 
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square of the magnitude of the Fourier Transform. Therefore, 
the amount of energy in a frequency band, fi to Eos is given 


by: 


E =f x(f£) |7 df (5.2) 


nk 
Using the above equation, the amount of energy in the bandwidth 
of a signal can be calculated. 

Symmetry in the frequency domain is a property of all 
baseband signals. It is also a property of all signals that are 
multiplied by a constant-—frequency carrier (i.e., the classical 
Amplitude Modulation case). It wili be seen that, under certain 
conditions, symmetric RF spectra can result from time-varying- 
frequency carriers. Non-symmetric spectra, however, can arise 


only when varying frequency carriers are present. 


Dae BOUGLer, Transforms of Variable-Frequency Pulses 


The output of a pulsed oscillator — be broken up into 
three linear time portions (i.e., linear in frequency and amplitude): 
1. build-up; 2. constant power; and 3. decay. During the transient 
portions, the frequency changes due to a change in the bias current 
and due to the inherent change in the amplitude of oscillations. 
During the constant power portion, the frequency changes due to 


a decrease of bias current caused by the heating of the diode 
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junction. For convenience, the model of the RF pulse is given in 
Figure 5.5. The limited resolution of the frequency measurement 
technique suggested a linear approximation for the change in 
frequency. 

The pulse shown in Figure 5.'5 can be represented mathematically 


as: 


x(t) = ck) + Xo (t) + x3 (t) (5.3) 


where 
x,(t) is the build-up section 
x(t) is the constant power section 


x3(t) is the decay section 


The functional dependence of X(t) is now determined such that 
it has a constant amplitude of unity, has a frequency varying 
linearly from f9 to f3 and exists only from time ty to tz. It 


can be represented by: 


X» (t) = lecos 276(t) (5.4) 
where $(t) is a time-varying phase term 
The instantaneous frequency is given by the time derivative of 


the phase term in equation 5.4 ; it varies linearly from £5 to 


fF; in time (t3 - tz). Therefore: 
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a2 agbott chs enefo  t Coetats (be 5). 
dt t3 = t. 
Integrating equation 5.5 , the following expression is obtained 


for the phase term in equation 5.4: 


S(e)eait ata eteWeh> ate tO, (5.6) 
2(t3-to) 


where 


0, is an arbitrary constant phase angle 


Finally, X» (t) can be written as follows: 


aE = ost, DUBy 48 lye 8a) es ep) as ale) i (5.7) 


ee ee) 


oe ia 


Likewise, x(t) and X(t) can be expressed as follows: 
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Eecostu2m |G, ctetpe> St) t+ 2705 b) | 0<t<t, (5.0) 


s 
t 2t5 
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and 


x,(t) =t,- t cost 2nlf, + £, = £. terete Cty ta) it eri 5 9) 
ey t/t. 2 
t3<t<t, 


The constant phase angles are chosen such that the boundary 


conditions are met (i.e. X1(t5) = Xo (to) and Xo (t3) = x3 (t3) bs 
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Arbitrarily setting 0, equal to zero, 


05 se) * fy ty (550) 
and 03 = £, . fy b> a fe . fo (t., - to) Coi:) 


LmeisceshownlansAppendix)C that. torssmaliachanges in 
frequency (i.e. tens of MHz in a carrier of 6 GHz), 


Sf cos 276(t) aie 


- © 


ay iP a sas (5.12) 


Nile 


Therefore, the Fourier Transform of x(t) may be written as follows: 


io) Sh\E 3 D t, mes 
K(f) = £7 x(t) edt ae + FF x(t) oSME at + f ce (c)pelaadt 
o ol Fate f2 a 


2 
=) 
= A feexp it 2mlf, + foot, t] ot — 2neth dt 
2t, 2to 
3 
Ce imel Gexpadtciiee aioe to tacts 16 (t Het )edeetOoa-— 27£t} dt 
eS DO Bisee 20  ebewty 2 2 
ty 
+ { ae - t exp j{2n[t, TMS tae £, i : t,] (t - t,) (5.13) 


ai 2710. =0 2 todt 


A computer program that calculates the magnitude of the Fourier 


Transform given in equation 5.13 is described in Appendix C. 
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As angi Dlustration of thevefiiect of a variable frequency 
carrier on the spectrum of a pulse, an idealized square wave 
is considered. The amplitude of the pulse is taken as unity 
while the frequency is taken as varying linearly from fy = 6.007 
to £5 = 5.993 GHz during fa 100 nsec pulse (Fig. 5.6-). The re- 
sulting spectra are given in Figure 5.7.. The baseband spectrum 
has a bandwidth of 10 MHz and 92% of the signal energy is in 
this bandwidth. Due to frequency pushing of the carrier, the 
signal energy has been redistributed symmetrically in the RF 
spectrum resulting in only 85.5% of the energy in the 20 MHz 
bandwidth of fhe RF signal. In this case and in all of the 
following cases, the RF spectrum bandwidth is defined as 2 
times the baseband bandwidth. It is also noted ce the "0" 
frequency point on the graph corresponds to the center of the 
main lobe (6.000GHz) for RF spectra and that the graph is 
normalized to l. 

Next, the baseband and RF spectra corresponding to 
the frequency measurements given in Figure 5.2 (and repeated 
in Table 5.2 in terms of the four pivot points of the general 


pulse of Figure 5.5) are calculated. In Figure 5.8 , the computed 


TABLE 5.2 EXPERIMENTAL DATA IN TERMS OF PIVOT POINTS OF GENERAL 
PULSE 










CHARACTERISTIC 


lprvor #1 |pivot #2 |PIvor #3 | PIVOT #4 





TIME (nsec) 
AMPLITUDE 


FREQUENCY (Mlz) 
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and measured RF spectra are plotted. In Figure 5.9 , the baseband 
spectra are compared. The amount of energy in the bandwidth of 
the baseband signal accounts for 96% of the total signal energy. 
On the other hand, the RF spectrum is quite non-symmetric, with 
about 80% of its energy in its bandwidth. As can be.seen, there 
is a redistribution of energy into the frequencies below the 
center of the main lobe. This extra energy in the lower frequen- 
cies would result in considerable power being wasted in adjacent 


communication bands. 


5-4 AM-FM Tradeoff in Bias-Modulated IMPATT Oscillators 


The tradeoff between the amount of AM and the amount 
of frequency pushing has been illustrated in the previous section. 
In the case of a constant carrier and a square wave envelope, 
it was found that 92% of the power was in the main lobe of 
both the RF and the baseband spectra. A pure AM system results. 
By rounding off the pulse somewhat (10 nsec rise time and 40 
nsec decay time), the power in the main lobe of the baseband 
signal has increased to 96% (i.e. the AM component) while the 
RF signal (i.e. with FP) has only 80% of its power in its band- 
width. Thus there is a tradeoff between the AM and FP components 


in the signal. In cther words, there is an optimum decay time 
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81 
which puts the maximum amount of power in the bandwidth of the 
signal. The build-up time of the RF pulse is not readily control- 
lable since the bias current has reached its maximum value before 
any substantial power is produced; the build-up is primarily 
determined by the RF voltage dependence of the electronic conductance. 
The decay process, however, is controlled by the decay of the diode 
bias current, as well as by the RF voltage dependence of the 
electronic conductance. 

It will be seen that the optimum decay time is a function 
of the change of frequency during the main part of the pulse (i.e. 
the constant power section). As has been seen, this change is a 
function of the junction temperature, which in turn depends on 
the pulse width, on the pulse amplitude and on “dive actual pulse 

equence transmitted. 

A plot of the percentage of power in the bandwidth of a 
signal as a function of the decay time of the RF pulse is given 
in Figure 5.10. The pulse length is approximately 100 nsec and 
the build-up time of the RF pulse is fixed at 10 nsec. The curve 
labelled "baseband" shows the upper limit of the power in the 
bandwidth of a signal due to the envelope of that signal; a 
shorter decay time results in less power in the main lobe of the 
baseband spectrum. The family of curves labelled "RF spectra" 
shows the variation of the percentage of power in the signal 


bandwidth with decay time, as a function of the frequency change, AF, 
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5.10 TRADEOFF BETWEEN AM AND FM COMPONENTS IN PULSED AVALANCHE 
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during the main part of the pulse. For AF greater than 5 MHz, 
decreasing the decay time increases the amount of power in the 
bandwidth of the signal. For these cases, the optimum decay 
time is zero. For AF smaller than 5 MHz, the optimum decay 
time ranges between 0 and 10 nsec depending on the actual change 
in frequency; for no frequency pushing, the optimum decay time 
is 10 nsec. For AF less than 5 MHz, the difference between 
choosing a decay time at the optimum point or at some other 
point between O and 10 nsec is, at most, a one percent change 
in the percentage of power in the signal bandwidth. 

In conclusion, little can be gained by optimizing the decay 
time in any practical system: the shortest possible decay time 
should be used. The possibility of locking the carrier by injecting 


an appropriate signal is discussed in Chapter 6. 


5-5 Summary 


Frequency pushing in bias-modulated IMPATT oscillators has 
been discussed. Four different methods of measuring the change 
of frequency during an RF pulse have been presented. The required 
resolution was attained using a beat frequency technique. In 
this way, the accuracy of the frequency measurement was increased 
by at least two orders of magnitude over the other three methods. 
A change of frequency of up to 25 MHz was measured during the 


constant power section of the RF pulse. In addition,a /0 MHz 
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change was observed during the decay transient; frequency pushing 
during the build-up transient had a negligible effect on the RF 
spectra, because of the low RF power level during the build-up 
of the current pulse. 

A computer program was developed to Fourier Transform 
an arbitrary variable-frequency pulse. The AM — IM tradeoff in 
bias-modulated IMPATT oscillators has been discussed. It was found 
that the decay time, which maximizes the amount of power in the 
signal bandwidth, is a function of the frequency change during 
the main portion of the pulse. However, little is gained by 
optimizing the decay time and the shortest practical decay time 


should be used. 
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CHAPTER VI 
INJECTION OF PULSED IMPATT OSCILLATORS 
6-1 Introduction 


It is a common practice in communication systems to 
stabilize an oscillator by phase locking it to a stable low- 
power cw signal. Locking theory was first explained adequately 
by Adler*? in his paper published in 1946. His work was confined 
to cw operation, though, as will be seen, it has applications 
in "pulsed operation". Taking into account the discussion of the 
previous chapter, "pulsed operation" refers to a pulsed oscillator 
with asignificant amount of undesired frequency modulation. 

In Secticn 6-2, the frequency-domain effects of injection 
of a cw signal into a "pulsed" avalanche diode oscillator are 
considered, It will be seen that the rate of change of the fre- 
quency is an important factor in injection locking of "pulsed" 
oscillators: as the rate of change of frequency increases, pro- 
gressively more power is required for frequency locking. In fact, 
the minimum injected power required for frequency feces of a 
"pulsed" oscillator is a non-linear function of the average rate 
of change of frequency. This section concludes with a discussion 
of the effects of low-power injection on the coherence of ett 


sive pulses. 
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In section 6.3, the time-domain effects of injection 
are considered. It will be seen that there is a minimum injected 
power level above which the leading-edge jitter of the pulse is 
reduced. As the injected power is increased, the amount of time 
required for the RF oscillations to build up to their final 


Value as) decreased. 


6-2, Frequency-Domain Eifects, of, Injection 


The locking bandwidth describes over what range the 
main oscillator will follow the frequency of an injected signal. 
Under steady-state conditions, Adler's equation relates the half 
locking bandwidth to the injected-to-output power ratio and 


to the parameters of the circuit; that eo 


BW =f, [Ping (6.1) 
QV Po 


where 
Prng/Po is the injected-tc-output power ratio 
fy is the free-running oscillator frequency 
OF is the loaded Q of the circuit 


BW is the locking bandwidth 


Equation 6.1 is illustrated in Figure 6.1 for Oe D220 Sand enOL 


a center frequency of 5.8634 GHz; the slope of the line is 20 dB 
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per decade. 

An experiment was conducted to study the injection-locking 
properties of "pulsed'' IMPATT oscillators. In order to reduce 
the effects of the transient sections of the RF pulse, a 500 
nsec pulse was chosen. The change of frequency during the main 
part of the pulse was varied by increasing or decreasing the 
OFF time between pulses (cf. Fig. 5.3). The instantaneous 
frequency during the pulse was measured using the beat frequency 
technique described in Chapter 5. The limited resolution of this 
method forced a linearity assumption for the frequency as a 
function of time during the duration of the pulse. Therefore, 
the average rate of change of frequency, AF/At, was calculated 
by dividing the total frequency change by the pane of the pulse. 

The results of measuring the locking bandwidth as a 
function of the injected-to-output power ratio for various values 
of average rate of change of frequency are presented graphically 
in Figure 6.1. The locking bandwidth is the frequency vari- 
ation of the injected signal over which a zero beat frequency 
appears during the pulse. Figure 6.2 illustrates the effects of 
reducing the injected power on the amount of frequency locking. — 
In the top curve, the frequency of the pulsed oscillator is 
completely locked to the frequency of the injected signal. As 
the injected power is decreased, the extent of frequency locking 


is progressively decreased, until no substantial locking occurs, 
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EFFECTS OF DECREASING OUTPUT-TO-INJECTED POWER RATIO 


ON THE AMOUNT OF FREQUENCY LOCKING IN A PULSED 
DIODE OSCILLATOR. 


output-to-injected power ratio: top:, 9.0 dB 
middle: 11.5 dB 
bottom: 17.5 dB 
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as is shown in the bottom curve. 

For an average rate of change of frequency of .6 MHz per 
100 nsec, approximately .4 dB.more power is required for a given 
locking bandwidth than for Adler's steady-state case. In agree- 
ment with the work of Udelson and Hines". the results for small 
average rates of change of frequency strongly resemble those 
predicted by Adler ( i.e., they exhibit 20 dB per decade slopes 
and comparable intercepts). However, as the rate of frequency 
change increases, a non-linearity appears in the injection- 
lecking curves. in addition, the slope of the linear section 
becomes progressively less similar to that predicted by Adler's 
injection theory. These deviations from steady-state injection 
theory are largely due to the actual frequencies present in 
the output of a pulsed oscillator. For example, assuming a 3 
MHz change in frequency during a very long pulse (i.e., a small 
rate of change of frequency), a 10 MHz locking bandwidth implies 
an effective locking bandwidth of 13 MHz. As the rate of change 
of frequency increases, it has a larger effect on the injection- 
locking characteristic of a pulsed IMPATT oscillator. In fact, 
the minimum amount of injected power required for frequency 
locking is a non-linear function of the rate of change of frequency. 
An experimentally obtained plot of the minimum injected-to-output 
power ratio required for frequency locking, as a function of the 


average rate of change of frequency, is shown in Figure 6.3. 
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OUTPUT-TO-INJECTED POWER RATIO 
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FIG. 6.3 VARIATION OF MINIMUM OUTPUT-TO- INJECTED POWER RATIO REQUIRED 
FOR FREQUENCY LOCKING AS A FUNCTION OF AVERAGE RATE OF CHANGE 
OF FREQUENCY 
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As has been noted in Section 5-2, the frequency of 
the 100 nsec pulse (10% duty cycle) changed by 14 MHz during 
the main part of the pulse and by 70 MHz during the transients.High 
relative injected powers are required to lock the frequency 
during the main part of such a pulse. Stabilization of the 
frequency during the entire pulse (including transients) is 
Virtually impossibles(c£. Fig. 6.3) «since.thesrate, of change 
of the frequency during the transients is in the order of a 
couple of hundred MHz/100 nsec. Any discussion of locking du- 
ring the transients is complicated by the fact that both the 
amplitude and frequency are varying. 

In section 2-1, a coherent display of the RF oscillations 
was obtained by injécting a low power signal into the main oscil- 
lator and by triggering the applied voltage pulse by the injected 
signal ( through a countdown unit). In this way, the pulse, RF 
oscillations and the injected signal are ali related in phase. 
Thus, there is pulse-to-pulse coherence as long as the injected 
signal is above a certain level. At this level, the oscillator 
momentarily locks onto the injected signal. Because of the 
high rate of change of frequency, as soon as the oscillations 
start, the locked condition is lost. Nevertheless, phase coheren- 
ce has been established. For this case, the injected power is 
just above the preoscillation noise level and so, just when 


the oscillations start, the injected and oscillator powers 
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are equal. Locking is immediately lost due to the combined 
effects of the change in frequency and of the increase in 
amplitude. The minimum injected power required for phase 
coherence is not a function of the peak power of the oscillator. 
An experimentally obtained plot of the minimum injected power 

as a function of the difference between the injected frequency 
and the freerunning frequency of the pulsed oscillator is 

shown in Figure 6.4. Therefore, the preoscillation noise level 
of the oscillator tested is approximately -34 dBm. 

As the injected power is increased above the noise 
level, a progressively greater time portion of the RF pulse is 
locked to the frequency of the injected signal. As has been 
seen, a significant amount of locking occurs OnlyerOLeVieLy 


high relative injected powers. 


6-2 Time-Domain Effects of inj ectlon: 


As was pointed out in Section 6-2, pulse-to-pulse coherence 
can be obtained by injecting a signal greater in power than the 
preoscillation noise level (i.e., the mean value of the noise 
power before oscillations start). In this case, instantaneous 
frequency locking occurs at the beginning of each pulse. Injecting 
such a signal also has effects in the time domain: namely, pedue sion 
of the leading-edge jitter of the RF pulse and of the time required 
for the RF oscillations to build-up to their steady-state value. 


Without injection, the build-up of oscillations starts at the pre- 
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oscillation noise level. As the amplitude of the noise is a random 
process with a certain mean and variance, each RF pulse starts at 
a slightly different amplitude introducing jitter into the leading 
edge of the pulse. By injecting a signal of power greater than the 
preoscillation noise level, the randomness of the starting amp- 
litude is largely eliminated. Consequently, the leading-edge 
jitter of the pulse is greatly reduced. This time-domain effect 

is to be distinguished from: pulse-to-pulse coherence which is 

a frequency-domain effect, wherein, phase coherence exists 

between the RF oscillations from one pulse to another. 

By increasing the level of the injected signal, the RF 
amplitude at the onset of oscillations is also increased. Con- 
sequently, the amount of time required for the RF oscillations 
to reach their steady-state value is decreased. The amount of 
this decrease as a function of the injected power was evaluated 
as follows. The IMPATT diode was arbitrarily biased above break- 
down, but not necessarily at the oscillation-threshold level. 
Without injection, the RF power had reached 10% of its final 
value in 20 nsec, as measured from the 10% point on the current 
pulse. As the injected power was increased, this delay between 
the power and current pulses decreased. A plot of the measured 
delay as a function of the injected power (in dB above the noise 
level) is shown in Figure 6.5. Results are shown for three different 
injection frequencies, covering a range of 50 MHz on both sides 


of the average frequency of the pulsed oscillator. Figure 6.5 
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shows that, for low injected powers, the delay varied almost 
linearly with the power in dB. From the curve relating the 
amount of delay as a function.of the injected power, information 
can be obtained on the build up of RF oscillations: in the 
absence of an injected signal, the oscillations start at the 
preoscillation noise level; after 5 nsec, the power level has 
increased by 20 dB and so on. From Chapter 4, for low voltages, 
the voltage as a function of time is given by: 


euChine 


V= ie e Cen) 


where 


¥- is the initial voltage of some section 
in which @ may be considered constant 
a(1) is the growth factor 


ietscmehe bias curnent 


If the bias current is constant, the growth factor is .constant 

as well,resulting in a linear function of the delay as a function 
of power in dB. However, the bias current is changing during part 
of the build-up and so a non-linear curve is to be expected. The 
main result is that injection can be used to significantly reduce 
the time required for the RF oscillations to build up from the 


noise level to their steady-state value. 
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6-4 Summary 


The injection properties of pulsed avalanche oscillators 
have been discussed. It has been found that pulse-to-pulse 
coherence and reduction of leading-edge jitter can be attained 
by injecting a signal greater in power than the preoscillation 
noise level. Increasing the injected power above the noise level 
can substantially decrease the build-up time of the RF oscillations. 
Therefore, injecting a low power signal (e.g. 20 dB belcw the 
main oscillator power) into a pulsed oscillator can greatly 
improve the performance of an ASK system. 

In Chapter 5, it was found that a large amount of frequency 
pushing is present in a pulsed avalanche diode oscillator. At that 
time, it was suggested that frequency locking might prove useful 
in reducing the amount of undesired frequency modulation in the 
output of a pulsed avalanche oscillator. Further investigation 
has shown that excessively high powers are required to lock the 
frequency during the entire RF pulse. It has also been found that 
the rate of change of frequency is an important parameter in the 


injection locking properties of pulsed IMPATT oscillators. 
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CHAPTER VII 


SUMMARY: AND CONCLUSION 


A systematic study of the properties of bias modulation 
of IMPATT diode oscillators has been carried out. The results 
obtained indicate that bias-modulated avalanche diode oscillators 
can be used as a practical means of Amplitude Shift Keying a 
binary signal. In theory, such a modulation scheme exhibits 
error performance comparable to, or better than, most other 
modulation systems. There are also definite cost advantages 
in using bias-modulated oscillators, due to simpler hardware 
requirements. The following conclusions can be drawn from the 


study of bias-modulated avalanche oscillators: 


HES From an analysis of the experimental bias circuit, 

the minimum rise- and decay times of the bias current can be 
calculated. Thus, the minimum pulse length, that the bias circuit 
used in this work can handle, has been established at 25 nsec; 
this specifies the maximum bit rate for the experimental bias 
circuit.This rate can be increased by further eliminating the 


pAcde Licssius tne bias cinculc. 


2g From an analysis of the RF circuit, the effects of the 
external circuit on the performance of a bias~modulated oscil- 


lator can be evaluated. It was found that the minimum rise- and 
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100 
decay times of the RF oscillations can be obtained by maximizing 
the loaded Q of the circuit. Thus, the minimum pulse length that 
the experimental RF circuit can handle has been found to be 


7.8 nsec. 


3: The static temperature characteristics of avalanche 
diodes can be determined experimentally. It was found that, 

due to the temperature dependence of the diode breakdown voltage, 
the DC bias current varies with time. As a result, the bias 

level should be chosen so that the bias current never exceeds 


the oscillation threshold level during an OFF pulse. 


4 Mieemajon-errect of the change in’ the bias current, 
because of the heating and cooling of the diode, was found 

to be due to the current dependence of the diode electronic 
susceptance. As the susceptance changes, frequency pushing 

of the bias-modulated oscillator occurs. Two related effects 

were observed: (a). because of the diode-temperature variations, 
the average frequency of oscillation was noted to vary by as much 
as 65 MHz from one pulse to another; (b). the frequency during the 
main portion of an RF pulse was also noted to change by as much as 
20 MHz for a 100 nsec pulse. In addition, during the rise- and 


decay times of the applied current pulse, the frequency changed 


y) - “= 






















OG f 


- 


gotstutxow vi banteody ad aid prodaslitgan ‘WA avid to odin 


LAn 1 ih ont am ce i MOLES putt ait payAT ential alts Wo. 0 ee 
af 64. Sele’ ‘Heed aul thin nip 39 yaads (enon age ats 


-peem 82% 


Wonelave 3 (61, ovideiopaest offaae off < 
+ : a es 
eh. brniod (lo. wr iq Seatinthts& of aio geboks 


wh 2 o awl shy S$ etoqueed oto af Sub 
° F , . 4 . 


ie - 


tae s «A 5) aldio selanby gueaste. satd OG ane 
: 7 r. nts 


(2 S50) sa.eeots € pees leval 
= rs ay i 1 —- = 


14 Po! 9s) SiS Ul onlay 352 estdahhiee od9 


2 +e? 


Gar > 


Peak iio) ed) t@ SsaRe  wotee odt -* 


t aby boil “ohio phiiaes Map gates of? 2o aeeeeed 


9LIGIWTISGILS Led ; Mig sil =F es FI ing -Vo avi o2 gush Ed 63 
tii de , vow i7 Senet) 5k sees Gap eA Piah camber ee: . 
nnvjeLhj4e6 nes aed bined sd : 


rreseqhwlselioth et tedebied ae rtareauda se . 
: ‘ ay | ‘a 
Shin ea. ve {50 OF} feTonoriy WMFIETPises Se 4 Pied ie opeteys. as Hy 
3 .*, ¥ ad 
_ 
eh? orbthh vorsneetd sis AAG) Tago os ant A00- is 28 


+ + : x 


en whi ae ud sania at bajan dele eau Sette 0 am 
aay 










bia ~Seix sit anlauh- cols tibnns . 


_ . = a7 c. 
ses ae Sa earn oa 7 ™ | 
) 7 thy : ’ _ 


ar 
- 


ie rie yey nl 








_ 7 


by as much as 100 MHz during this transient period. This latter 


effect did not vary appreciably from pulse to pulse. 


St The RF spectra of pulsed oscillators were found to be 
somewhat "puffed up'’ and non-symmetrical. Consequently, because 
of the variation of frequency during the RF pulse, the power 
has been noted to be redistributed in the RF spectrum. In fact, 
as little as 80% of the total power was measured in the band- 
width of the RF signal, compared to over 95% of the total power 
in the bandwidth of the baseband signal. As a result, a large 
portion of the signal power is lost from the bandwidth of the 


signal. 


oye The tradeoff between the AM arid FM components present 

at the output of the pulsed oscillator was investigated. The 
existence of"altradeoff arises from the fact that short rise- 
and decay times minimize the effect of the FM components, but, 
on the other hand, reduce the amount of power in the bandwidth 
of the baseband signal. It was found that, in most cases con- 
sidered, the FM components override the AM components, and hence 


the shortest transients are most desirable. 


Tf In order to reduce or even eliminate the undesired FM 


components in the output of bias-modulated avalanche diode 
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oscillators, a thorough study of the possibilities of injection 
locking pulse IMPATT oscillators was conducted. It was found 
that the amount of power required for locking the majority of 
the RF pulse is a non-linear function of the rate of change 

of frequency with time. Relatively high locking powers are ree 
quired to lock the frequency of the entire RF pulse, including 
transients, because of the very ee rates of change of fre- 
quency during the transient times. Injection at reasonable 
levels is only useful for locking pulse oscillators with slow 
rates of frequency change. Therefore, injection locking is of 
limited use in substantially reducing FM noise in the output 


of bias-modulated IMPATT oscillators. 


S Injection of a low power signal (i.e. greater in power 


than the preoscillation noise level) does have beneficial effects 


on the system performance of a bias-modulated oscillator. Such 
an injection results in phase-to-phase coherence between pulses 
and largely eliminates leading-edge jitter in the RF pulse. It 
was found that increasing the level of the injected signal leads 


to a faster build-up of oscillation. 


The variation of the diode temperature limits 
the usefulness of the bias-modulation concept. Injection locking 


is limited in its use in substantial reduction of frequency 
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pushing in the output of pulsed avalanche oscillators. Pulse 
shaping techniques can further reduce the effects of frequency 
pushing. A controlled variation in the junction temperature 

is seen to be a possible improvement in the problem. 

Figure 7.1 shows a schematic of a possible system 
incorporating pulse shaping and injection locking. An IMPATT 
oscillator is pulsed continuously at the system bit rate. The 
PIN Line Modulator is synchronously modulated by the binary 
PCM baseband signal. In this way, the temperature of the diode 
is kept within a fixed known limit. Biasing is no problem for 
periodically pulsed oscillators. Frequency deviations are kept 
to a minimum by the small variations in the junction temperature, 
as well as by the injected signal. Frequency pushing can be mini- 
mized by proper pulse shaping. The injected signal also results 
in pulse-to-pulse coherence, minimal leading-edge jitter and faster 
build-up times. The error performance of such a system must be 
thoroughly evaluated both theoretically and experimentally. The 
research work reported in this thesis should facilitate any fur- 


ther exploratory work into ASK systems. 
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FIG. 7.1 PROPOSED BIAS-MODULATED OSCILLATOR WITH PIN LINE MODULATOR 
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Appendix A 


ANALYSTS OF. THE BIAS CIRCUIT 


The circuit shown in Figure A.1 is analyzed for a 
unit step input voltage. Assuming that the DC blocking capacitor 
is of negligible value ( i.e. Ch = 0), the total impedance as 


seen from the switch is given by the following expression: 


7 (os) eRe (Rk esl)/ SC, (A.1) 
S enema 
Rp shih tec 


The current through R, dues toma Uli tastep anpue voltape is Piven 











by: 
T(s))= VCs) = ll CE) 
Zs) s Z(s) 
ali _ he eR Gn ae Bes (A.3) 
Ss (Rp + R,) + s(Rp + RoC, +L) + s“(R,LC,,) 
E Rs icy Rp 
t=0 
L 
Cy 
where: Re = 502 , a 1 50a, Co = 100prs, b= 180nH , = 12pF 
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Putting in the appropriate values for the constants and taking 
the inverse LaPlace Transform of equation A.3, the current 


through Ro in the time domain. is obtained: 


ey = BSI ae ei es (A.4) 


where Seinen Sec 


i is in mA 


The current through Rp is given by: 


logy a) = i(t) - icy (t) A) 
where 
doy Ct) = Cy a - iC) Ro) (A.6) 


The expression for ipp (t) is now obtained by substituting equations 


Av omandeArOstnto. A... 


siete = tee) Sh key KG) (A.7) 
de 
SG By SOs eo er (A.8) 


Equation A.8 is the required result and is tabulated in Table A.1. 


The risetime of the current through R, is seen to be 68.2 nsec. 
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Appendix B 


EVALUATION OF.RESONATOR PARAMETERS 


The double-slug cavity described in Chapter 2 has been 
evaluated at a frequency of 5.688 GHz. This frequency corresponded 
to the center frequency of the resonator with the IMPATT diode 
biased just below the breakdown voltage. Under these conditions, 
the resonator can be modelled as a paraliel R-L-C circuit, as 
seen from the position of the detuned short. (cf. Fig. B.1) 

The capacitance of the diode was measured as a function 
of the reverse-bias voltage. The diode package capacitance (C,,) 
was also measured by inserting an open-circuited package at the 


my 


terminals of the Boonton 71A L-C meter. a was found to be 0.2 pF. 





is the depletion layer capacitance 
is the resonator losses including the parasitic 
conductances of the IMPATT diode 


where 


Cis the resonator capacitance (C, included) 

re; ; F Hf ; 5 
Lignin the resonator inductance including coupling 
Ge is the transformed load conductance 


FIG. B.1 EQUIVALENT RESONATOR CIRCUIT 
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The center frequency of the resonator was also measured 
as a function of the reverse-bias voltage Anne Ties diode. The 
frequency was determined by noting that the reflected power was 
a minimum at the resonant frequency. In order to increase the 
sensitivity of the measurement, the signal generator,which fed a 
signal into the resonator,was modulated with a 1000 Hz square wave and 
the detected power was read on a_ tuned voltmeter. The results 
of the capacitance and frequency measurements are tabulated in 
fable B.L. 

From this data, the total capacitance of the resonator 
Cite; Cr = hea Ce can be calculated by noting the change in 


the resonator frequency due to a change in the total resonator 


TABLE B.1 DIODE CAPACITANCE AND RESONATOR FREQUENCY AS A FUNCTION OF 
REVERSE DIODE VOLTAGE 


spree nance ARIE Ps He AN SS I EE EE DE, LL CE Oe 


i 
REVERSE-BIAS VOLTAGE (V) | DIODE CAPACITANCE (pF); FREQUENCY (GHz) 
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0.5145 5a 6/55 
Oso11 De OSes 
0.508 5.688 
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capacitance. For a parallel R-L-C circuit, the resonant frequency 


is given by: 


acetlae | (B.1) 
Pit ieee 


Solving. for Co and. differentiating with respect «to the frequency, 
the following expression for the total capacitance of the cavity 


is obtained: 
AC ; CBo2) 


In the derivation of equation B.2, it has implicitly been assumed 
that the inductance of the resonator is constant over a small 
change in frequency. From Table B.1, it is seen that,for a change 
in bias voltage from 96 to 100 V, the total capacitance of the 
circuit changes by 0.0065 pF resulting in a change of frequency 

of 12.5 MHz in a center frequency of 5.682 GHz. Substituting 

these values into equation B.2, the total capacitance is calculated 


to be: 
Crp = 1.478 pF enh oN) 


Using equation B.1 and the appropriate values for Cr and is the value 


of the resonator inductance is solved for. Therefore: 


Le = 0.533 nH (B.4) 
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The position of the detuned short was found by using the 
procedure outlined in Ginzton*°. It was determined that the cavity 
was undercoupled because the position of the detuned short cor- 
responded to a voltage maximum when the cavity was tuned to re- 
sonance. Since the impedance as seen from a voltage maximum is 
purely resistive and is given by the product of the characteristic 
impedance of the circuit and the measured VSWR, the coupling coef- 
ficient, B, is equal to the inverse of the VSWR. In this case, the 
coupling coefficientwas found to be 0.474. Had the detuned short 
position corresponded to a voltage minimum, the cavity would have 
been overcoupled and the coupling coefficient would have equalled 
the measured VSWR. With the diode reverse-biased by a voltage of 100 V, 
8 was determined; this condition corresponded to a center frequency 
of 5.688 GHz. Figure B.2 graphically shows the experimental 
variation of the VSWR as a function of the frequency. To find 
the loaded and unloaded 0's (i.e. Or, and Q, respectively), it 
is necessary to identify the values of the VSWR which correspond 


to the half-power points. The half-power points are given analyti- 


cally by?®: 


for Qo? 


fae 2 sf Lay 
VSWR | 11£-power points — ee eee Seas (8.5) 
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VSWR | half-power pcints RB 


The values of the loaded and unloaded Q's are found by noting the 
frequencies at which the half-power VSWR's occur (cf. Fig. B.2) 


and by using the following expression: 


Q = Dower GBrewo) 
SS ie 
where fy and tS are the upper and lower half-power 


frequencies respectively. 


In this fashion, it is found that the loaded and unloaded Q's are 


given by: 


oh er Silay (B.8) 


I 
co 
N 
oa) 


Q, CB) 
Having determined the loaded and unloaded Q's, and the - 

lumped-constant inductance and capacitance of the cavity (cf. 

equations B.8,B.9,B.4 and B.3), the resonator conductance, Gr» 

and the load conductance as seen by the resonator, Gp, can be 


calculated from the following two expressions: 


ett | 1% bi _ a 
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Gae=eence (B.10) 
ie iy 
fe) 
and 
Gr = 27 £Cp (Bei) 
Gi 


In this way, it has been found that: 


Gy 0.639 mmhos (Bea?) 


q 
| 


= 0.381 mmhos (2.13) 


The resonator conductance can be related to an equivalent series 


resistance, R5> by the following equation: 


Re smeliaps 0825200 (B.14) 


In conclusion, the resonator has been characterised ata 
center frequency of 5.682 GHz in terms of an equivalent R-L-C 
circuit. The IMPATT diode has been included as a depletion layer 


capacitance and a parasitic conductance. 
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Appendix C 
FOURIER TRANSFORM OF VARIABLE-FREQUENCY PULSE 
The general pulse to be transformed is shown in Figure C.1. 


There are three sections, all linear with time in frequency and 


amplitude, This pulse can be represented mathematically as: 


ne) = Sa RUS) os X9(t) + x3(t) (Gal) 
where: 
X(t) = A,tcos{2n[f, + fo - f, t] th O<t<t, (Cr2) 
ey, to ” 


t3 - to Cat ae? 

Fa (Egu tat" toy t,<t<t., (C3) 

x, (t) = [A, otis is Gk ae cos{2n[f, ei fue 5 Wie eased Ge hae 
e; = ee Je tay OP 

tons ft, eo KGHS ap £4) (ty - t,)} t,<t<t,, (C.4) 


The Fourier Transform of a function y(t) is defined as 


follows: 


ace ft Wes See (c.5) 
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INSTANTANEOUS AMPLITUDE 
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INSTANTANEOUS FREQUENCY 
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C.1 INSTANTANEOUS AMPLITUDE (TOP) AND FREQUENCY (BOTTOM) 


OF THEORETICAL VARIABLE-FREQUENCY PULSE 
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Equation C.5 can also be written as follows: 
co co 
W(t eam evctjecos2nttatr-——w) )sy(t) osinzgnft dt (C.6) 
= 0O : = OO 
Using the two trigonometric identities: 


cosa cosB = 0.5cos(a —- B) + 0.5cos(a + 8B) (C.7) 


sing cosp = 0.5sin(a — 6) + 0.5sin(a + 8) (G.8) 


it can be seen that for the first section of the general pulse 


shown in Figure C.1: 
Wie C)cossii teat 1] Jux.(t) «sin2rit dt (C.9) 
0 : 0 : 


t 
2 
= s eApeecs Witte fy0-—f yet eft] }odt 


2 
2t. 2t, 
2 
et eet nen ete aioe sf eta bt teat 
G28 2t5 
a) 
ae oe tA, cos{2n[f,t 1 EG Su t? + ft]} dt 
unt, 2t5 
ro 
SPU sy ce rates Se te alia ies ae iaey tate (CGrlG) 
0 25 2t, 


Since the region of interest for the frequency f is a couple of 


hundred MHz on each side of f, and since f, ts inethe order of 
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6000 MHz, the last two integrals in equation C.10 can be neglected. 


Therefore, equation C.10 can be rewritten: 


iE 


2 
ff x1 (t) 
0 
iE 
=o eee A 
——— 
0 2t5 


AGecaimuellanrs 


aiayal 5 iG 
an x, ( ) 


The Fourier Transform of the pulse given in Figure C.1l 


ie 
cos2mét dt - 4 J* x,(t) sin2nft dt 
0 


expel 2s tate f) qt, > ft}h dt 
2 


(Ge ii) 


analysis can be done for sections #2 and #3 (i.e. x, (t) 


). 


can therefore be written as follows: 


c 
2 
oem ee eee ne teen te cert] }aedt 


0 2t,5 2ty 
if 
uy ie (Nee eA ee A (tees) | Oqlier ts faut be ty) 
The Ne tna De) ee al ie eam) aa 
to Bem 1a, ey = 
(CS eg) aetulGag ee f4)t, } 
ah 
+f [A, A eee sete et ie exp- (20k etek ee LeeLee t3] 


(oats etic ead te) the tt, tat) (tat) } 
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The squared magnitude of the Fourier Transform can be obtained by 
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summing the squares of the real and imaginery parts of equation 
Cale 

The integrations in equation C.12 were performed numer- 
ically using Simpson's integration formula; that is, 

b 


Jota) eaxe=9h/S ee + 4f, + 2¢f 
a 


A Bae ate! (CHS) 


where 


n is an even integer equal to the number of 
strips in interval a to b, 

h is the width of each strip, 

; th 

f, is the value of f(x) at the end of the n 


Seri, 


In fact,a second order polynomial is passed through three points 
of the function and the integration is done over two strips at-a 
time. 

A flow chart of the computer program used to calculate the 
magnitude of the Fourier Transform of a variable-frequency pulse 
is given in Figure C.2. The only data required is the amplitude, 
frequency and time of the four pivot points as defined in Figure 
C.1 as well as the number of strips required for each section. 

The computer printout includes the input data, the 


magnitude of X(f), the magnitude of X(f) normalized to unity, 
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READ AND PRINT DATA 


saea|e Wade’ e cecease 


REREAte NEXT eSTERS UP, 10 MAL! 
FOR FREQUENCIES 200 MHZ ON 
EACH SIDE OF APPROXIMATE 

AVERAGE FREQUENCY OF PULSE 





| PERFORM INTEGRATION 
| USING SIMPSON'S RULE 
| FOR A GIVEN SECTION 
| (REAL & IMAGINERY) 


pp nn 


1S aie 
YES THERE anos 


~\ ANOTHER er 
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CALCULATE THE MAGNITUDE 
OF FOURIER TRANSFORM 
FOR EACH FREQUENCY 
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NORMALIZE X(f), CALCULATE Lot tals, 
INTEGRATE|X(f) |? FROM F_-200 MHZ 
TO F BY EULER'S METHOD. © 





| PRINT OUTPUT AND END 


C,2 FLOW CHART OF PROGRAM TO CALCULATE FOURIER TRANSFORM OF 


VARIABLE-FREQUENCY PULSE 
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the square of the magnitude of X(f) normalized to unity and the 
integration of virtually all the power below a certain frequency 
"f£". This latter term makes it. possible to calculate the percentage 
of the total power in any band of frequencies (e.g. in the main 
lobe). The computer program was written in FORTRAN IV and was 


run on an IBM 360 computer. The listing of the program follows 


in full: 
é PROGRAM TO CALCULATE THE MAGNITUDE OF THE FOURIER TRANSFORM 
C OF A PULSE WITH VARIABLE FREQUENCY AND AMPLITUDE. 
C SIMPSON'S INTEGRATION FORMULA IS USED 
C THERE ARE THREE SECTIONS 
C SECTION 1 - TIME T1 TO T2, LINEAR AMPLITUDE Al TO A2, 
C LINEAR FREQUENCY Fl TO F2 
C SECTION 2 - TIME T2 TO T3, LINEAR AMPLITUDE A2 TO A3, 
C LINEAR FREQUENCY F2 TO F3 
ff SECTION 3 - TIME T3 TO T4, LINEAR AMPLITUDE A3 TO A4, 
€ LINEAR FREQUENCY F3 TO F4 
C T1=Al=A4=0 
C 
DIMENSION SUM(400) , SNORM(400), PNORM(400), PSUM(400) 
INTEGER F 
REAGRPAST.1. LASTZ 
C NDATA 1S THE NUMBER OF DATA SETS 


READ 60, NDATA 
60 FORMAT (12) 
DO 99 NRUN = 1,NDATA 


C N1,N2 &N3 ARE THE NUMBER OF STEPS IN SECTIONS 1,2 & 3 
READ 10, NI, N2, N3 
10 FORMAT (313) 
PRINT 15, NI,N2,N3 
om BONING] UnsUN | =cumeed og OND =m 1 3G XeSUN Sse ten t3) 
READM20 PA TPAZ PAS PA4 Fl F2sESyF4, 0), 12,73,74 
20 FORMAT (4F3.2,4F3.0,4F3.0) 
PRENTS305 PAT El A2 26 b2.A35P3.15,A4sF4,74 
ZORFORMA W(Qe ly l= mu Re soe l=) Fe OL SxS! T= ',F4.0,7,2A2= 
CE eS Xe ch 2= 4F IP EO asx = ee Ea Ose UAS= FAL 255X541 F3= 
Ca EONS id sau Fae eu Adee rho SXet Fhe. WER. OSX, Tas 
Gal FeO) 
C=2.%*3.14159*.001 
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DO 88 F=1,400 


REAL PART OF INTEGRAL FOR SECTION 1 

DA1l=(A2-Al)/(T2-T1) 

DFl=(F2-F1)/T2*.5 

EVEN1=0 

ODD1=0 

FIRSTI=Al 

LAST 1=A2*COS (C* (F2+F1)*T2/2-C*F*T2) 

DOMIMET=H2EN152 

T=(T2-T1)* (1-1) /NI4T1 

EVENTSEVEN 144s (A14+DA1*T) «COS (C¥ (F 14+DF IST) XT-C*F*T*) 
11 CONTINUE 

HOb2201=3,N1,2 

T=(T2-T1)* (1-1) /N14T1 

ODD1=0DD1+2% (AI+DA1*T)*COS (C* (F 14+DF 147) *T-C*FAT) 
22 CONTINUE 

SUM1=(T2-T1) /(N1*3)* (FIRST 1+LAST 1+EVEN1+0DD 1) 


COMPLEX PART OF INTEGRAL FOR SECTION 1 

CEVN1=0 

COD1=0 

CFIRS1=0 

CLAS 1=A2*SIN(C* (F2+F1)*T2/2-C*F*T2) 

Bom y 1 Vt=2i.N1,2 

T=(T2-T1)* (1-1) /NI4T1 

CEVNI=CEVNI+4% (AL+DA1*T) *S IN (C% (FI+DF 1ST) *T-C*F*T) 
111 CONTINUE 

HGe222°1=3.Nb;2 

T=(T2-T1)* (1-1) /N14T1 

COD 1=COD 142% (A1+DAI*T) *SIN (C* (FI+DF1*T) *T-C#FAT) 
222 CONTINUE 

CSM1=(T2-T1)/(N1*3)* (CFIRS1+CLAS 1+COD1+CEVN1) 

CSM2=0 

SUM2=0 

CSM3=0 

SUM3=0 

{F(N2.EQ.0)GO TO 77 


REAL PART OF INTEGRAL FOR SECTION 2 

EVEN2=0 

ODD2=0 

DA2=(A3-A2) /(T3-T2) 

DF2=(F3-F2)/(T3-T2)*.5 

FAIS=C* (F2+F1)*172/2 

FIRST2=A2*COS (FAIS-C*F*T2) 
LAST2=A3*COS (C* (F3+F 2) * (T3-T2) /2-C*F*T3+FAIS) 
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DOMs 3 Rl=2°N2 52 
T=(T3-T2) * (1-1) /N2+T2 
EVEN2=EVEN2+4+ (A24+DA2* (T-T2) )*COS (C* (F2+DF2* (T-T2) )* (T-T2)- 
CC*XFATS+FAIS) 
33 CONTINUE 
DOr aR = 3) N22 
T= (73-72) * (1-1) /N2+T2 
ODD2=ODD24+2% (A2+DA2* (T-T2) )*COS (C* (F24+DF2* (T-T2) )* (T-T2) -C#F*T 
C+FAIS) 
4k CONTINUE 
SUM2=(T3-T2) / (N2*3) * (FIRST2+LAST2+EVEN2+0DD2) 


COMPLEX PART OF INTEGRAL FOR SECTION 2 

CEVN2=0 
COD2=0 
CFIRS2=A2*SIN(FAIS-C*F*T2) 
CLAS 2=A3*S IN (C* (F34+F2)* (13-12) /2-C* FAT 34+FAIS) 
DONS 34e=2 N22 
T=(T3-T2)* (1-1) /N2+T2 
CEVN2=CEVN2+4% (A2+DA2* (T-T2) )*SIN(C* (F2+DF 2% (T-T2) )* (T-T2) -C#F 
CAT+FAIS 

333 CONTINUE 
DOA wi=39N2 2 
T=(T3-T2)* (1-1) /N24+T2 
COD2=COD2+2* (A2+DA2* (T-T2) )*SIN (C* (F24+DF2* (T-T2) ) * (T-T2) -C¥FAT 
C+FAIS) 

hhh CONTINUE 
CSM2=(T3-T2) / (N2*3)* (CF IRS2+CLAS2+C EVN2+C0D2) 
1F (N3.EQ.0)GO TO 77 


REAL PART OF INTEGRAL FOR SECTION 3 
EVEN3=0 
ODD3=0 
DA3= (A4-A3) / (T4-T3) 
DF 3=(F4-F3) /(T4-T3)*.5 
FAIS=C* (F2+F 1) *72/2+C* (F3+F2) * (T3-T2) /2 
F1RST3=A3*COS (FAIS-C*F*T3) 
LAST 3=A4*COS (Cx (F4+F 3) * (T4-T3) /2-C*#F*TH+FAIS) 
DOW 5531 =2,N3,2 
T=(T4-T3) * (1-1) /N3+T3 a 
EVEN3=EVEN3+4% (A3+DA3* (T-T3) )*COS (C* (F 34+DF 3% (T-T3) ) * (T-T3) -C% 
CFXT+FAIS) 
55 CONTINUE 
DO 66 1=3,N3,2 
T=(T4-T3) * (1-1) /N3+T3 
ODD3=0DD3+2* (A3+DA3* (T-T3) )*COS (C* (F3+DF 3% (T-T3) ) * (T-T3) -C#FAT 
C+FAIS) 
66 CONTINUE 
SUM3=(T4-T3) / (N3*3) * (F IRST3+LAST 3+EVEN3+0DD3) 
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COMPLEX PART OF INTEGRAL FOR SECTION 3 
CEVN3=0 
COD3=0 
CFIRS3=A3*S IN (FAIS-C*F*T3) 
CLAS 3=A4*S IN (C* (F44+F 3) * (T4-T3) /2-C*F*T4H+FAIS) 
DORs 5 oe l=27,N3, 2 
T=(T4-T3) * (1-1) /N34+T3 
CEVN3=CEVN3+4% (A34+DA3* (T-T3) ) *SIN (C* (F3+DF 3% (T-T3) ) * (T-T3) -C* 
CFXT+FAIS) 
555 CONTINUE 
DO 666 1=3,N3,2 
T=(T4H-T3) * (1-1) /N3+T3 
COD3=COD3+2* (A3+DA3* (T-T3) ) SIN (C%* (F34+DF 3% (T-T3) ) * (T-T3) -C#FAT 
C+FAIS) 
666 CONTINUE 
CSM3=(T4-T3) / (N3*3) * (CFIRS3+CLAS3+CEVN3+COD3) 


77 CONTINUE 
SUM (F) =SQRT ( (SUM1+SUM2+SUM3) **2+(CSM1+CSM2+CSM3) **2) 
88 CONTINUE 


SMAX=0 

Domi 400 

1F (ABS (SUM (J) )-SMAX)2,2,3 
3 SMAX=ABS (SUM (J) ) 


2 CONTINUE 
1 CONTINUE 
PRINT 40 
ho FORMAT(' ',! F IN MHZ VOLT NORM. VOLT. 
CNORM. POWER | SUMOF NORM. POWER FROM F=0 TO F') 
DO 4 K=1,400 


SNORM(K)=SUM (K) /SMAX 
PNORM (K) =SNORM(K) **2 
h CONTINUE 
PSUM (1) =0 
DO 5 J=2,400 
PSUM (J) =PSUM (J-1)+(PNORM (J) +PNORM (J-1)) 
5 CONTINUE 
DO 6 M=1,400 
PRINT 50,M,SUM(M) ,SNORM(M) ,PNORM(M) ,PSUM (M) 
50 FORMAT(' ',6X,!3,6X,F10.6,9X,F10.8,8X,F10.8, 10X,FI10.5) 
6 CONTINUE 
99 CONTINUE 
STOP 
END 
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